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ABSTRACT 
Ross J. Beattie: Reactions of Alkyne and Nitrile Ligands in Tungsten (II) Complexes 
(Under the direction of Joseph L. Templeton) 
 
The examination of light atom-light atom and metal-light atom multiple bonds is of 
great importance to the fields of both organic and inorganic chemistry.  Group VI transition 
metals are particularly well suited to the investigation of these systems with extensive reports 
for both catalytic and stoichiometric systems.  The [Tp′W(CO)(NCMe)(RC≡CH)]+ cation 
provides a platform for the examination of the reactivity of the alkyne and nitrile fragments. 
When standard electrophiles are added to the neutral Tp′W(CO)(N=CHMe)(HC≡CH) 
complex they add to the nitrogen, forming cationic imine complexes 
[Tp′W(CO)(N(R)=CHMe)(HC≡CH)]+. This reactivity is unavailable for large electrophiles 
where sterics prevent access to nitrogen.  When [CPh3][BF4] is added to 
Tp′W(CO)(N=CHMe)(HC≡CH) it rapidly oxidizes and couples to the 1-azavinylidene ligand 
at the β-carbon site forming the cationic imido complex 
[Tp′W(CO)(NCH(Me)CPh3)(HC≡CH)]+.   
The redox activity of the azavinylidene complex can be leveraged with the use of 
iodine oxidant to form the dimeric dicationic complex [(Tp′(CO)(HC≡CH)W)2(µ-
NCH(Me)CH(Me)N)]2+. This dimerization occurs with complete diastereoselectivity to form 
the S,S,R,R complex.  Deprotonating the azavinylidene complex forms the anionic acetylide 
 iv 
[Tp′W(CO)(N=CHR)(C≡CR)]-.  This anionic complex can also be dimerized through the 
azavinylidene β-carbon but selectivity is eroded. 
Deprotonating the neutral azavinylidene acetylene complex yields the anionic 
acetylide complex.  By protonating this species Tp′W(CO)(N=CHMe)(C=CH2) can be 
observed by NMR spectroscopy. This vinylidene complex isomerizes at room temperature to 
the carbyne nitrile complex Tp′W(CO)(N≡CR)(CCH3). The carbyne α-carbon is protonated 
by strong acids, resulting in the formation of a carbene complex with an agostic interaction of 
the α-carbon proton. 
Reactions of nucleophiles with the nitrile alkyne cationic complexes 
[Tp′W(CO)(NCR)(R′C≡CH)]+ are examined, revealing that both alkyne and nitrile ligands 
can be addition sites for nucleophilic attack. By adding nucleophiles to the β-carbon of the 
nitrile ligand a nucleophilic site could be created, allowing further intramolecular reactions to 
occur where the functionalized nitrile ligand attacks the bound alkyne.  This is observed for 
[Tp′W(CO)(OC(NH2)Ph)(HC≡CH)]+, resulting from hydrolysis and rearrangement of the 
benzonitrile ligand.  By treating this complex with excess base in the presence of water, the 
release of N-vinylbenzamide is observed demonstrating the intramolecular coupling of the 
two ligands.  Similar reactivity is observed for the imine cationic complex 
[Tp′W(CO)(N(Me)=CHMe)(HC≡CH)]+.  
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 1 
Chapter 1: Multiple Bond Transformations Utilizing the [Tp′W(CO)]n+ Fragment 
 
1.1 Introduction: 
 The ability of tungsten and the other group VI metals to form multiple bonds with 
ligands is well known in the literature and has been utilized extensively in the development 
of several critical areas of multiple bond chemistry.  As of 2000, 55 % of the metal-main 
group multiple bond complexes recorded in the Cambridge Structure Database contained 
group VI metals.1  The history of groundbreaking chemical discoveries for group VI metal-
main group mulitiple bonding includes the discovery of the first metal carbene and metal 
carbyne complexes by E.O. Fischer (figure 1.1(a)).2,3  The development of Schrock catalysts 
for olefin metathesis,4 for which Schrock earned a share of the 2005 Nobel Prize in 
Chemistry, is based on tungsten or molybdenum (figure 1.1(b)).  Recently, the most active N2 
reduction catalysts, molybdenum pincer complexes developed by Nishibayashi, were shown 
W
COCO
OC
COOC
C
O
CH3
CH3
Mo
N
O
O
CF3F3C
F3C
F3C
W
COCO
Cl
COOC
C Ph
Mo
P
P
P
Ph
Cl
N
(a) (b) (c)
Figure 1.1 (a) E.O. Fischer’s first carbene (top) and carbyne (bottom) complexes. (b) One 
of Schrock’s olefin metathesis catalysts. (c) Nishibayashi’s best N2 reduction catalyst. 
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to be capable of producing over 50 equivalents of ammonia per metal center (figure 1.1(c)).5,6  
Although these are some of the most noteworthy group VI metal systems to date, there is a 
tremendous breadth and depth of multiple bond transformation chemistry for these metals, 
both catalytic and stoichiometric.  The focus of this thesis is the examination and activation 
of triple-bond-containing nitrile and alkyne moieties, and therefore that will be the focus of 
this introduction. 
  
 3 
1.2 Nitrile Activation: 
 Nitrile activation at metal centers has primarily involved nitrile reduction and 
functionalization chemistry.  Efforts toward reduction have produced efficient catalytic 
processes utilizing heterogenous catalysts for the cost effective production of primary 
amines.7,8  There have also been developments in homogeneous catalysis from early systems 
using ruthenium triarsenide complexes which were shown to produce ethylamine from a 
metal bound acetonitrile when treated with sodium borohydride, along with ~30 % 
unidentified by-products,9 to more current work which has shown effective reduction for a 
range of functionalized nitriles with turnover frequencies over 5500 h-1.10  This system used a 
[Ru(cod)(methylallyl)2] starting material treated with diphenylphosphinoferrocene as a 
bidentate ligand to form the catalyst in situ leading to full conversions of the nitrile substrates 
to their primary amines with catalyst loadings as low as 0.125 %. 
 Nitrile functionalization in the literature is dominated by nucleophile addition to the 
nitrile carbon and frequently the transfer of a proton to the nitrogen.  This reactivity has been 
known since the late 1870s when the Pinner reaction was first developed to add alcohols to 
nitriles using an acid catalyst, generating iminoesters, or amidines.11,12  As the literature for 
Ru + Fe
PPh2
PPh2
C NR H2N CH2
RH2 (50 bar), 10 % mol KOtBu, Toluene, 140 C, 10 min
18 examples
0.5 % mol 0.5 % mol
Scheme 1.1. The catalytic hydrogenation of nitrile by a ruthenium catalyst reported by 
Beller et al. 
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nucleophilic addition to metal-bound nitriles has expanded, this reactivity has been shown to 
hold true for a wide variety of carbon and heteroatom nucleophiles.13,14   
 Nitriles have also been shown to be capable of accomplishing homocoupling 
reactions to form a 
variety of products.  
These reactions are 
loosely based on the 
McMurry coupling which reduces ketones to alkenes.15  The McMurry coupling reaction is 
hypothesized to go through a radical-radical coupling step that is promoted by oxygen 
binding to titanium.  This radical coupling forms the initial bond between the ketone carbons, 
which can then be further reduced by releasing 
titanium oxide to yield the alkene (shown in 
scheme 1.2).  This reactivity has been applied 
to nitriles using a number of different 
transition metals as reaction promoters, and 
yielding a variety of bridging and cyclic 
products as shown in figure 1.2.  These are 
also proposed to go through a radical coupling mechanism supported by the nitrogen-bound 
metal and creating a new C-C bond through the nitrile β-carbons.  This process is also useful 
for imine homocouplings which produce ethylenediamines,16,17 piperazines,16,18–20 and 
alkyldiamine rings.16,21 
 In Tp′W(CO) systems the reactivity of nitriles can be broken into two distinct 
manifolds, as has been beautifully reviewed,22 based on the type of ancillary ligand in the 
O
R R
2
R
O O
RR R
Ti Ti
R
R R
R
Ti(III) - 2 Ti=O
Scheme 1.2. A generic scheme for the McMurry coupling 
reaction. 
N
N
M
M
R
R
N
N
M
M
R
R
N
N
M
R
R
Figure 1.2.  Moieties resulting from the 
homocoupling of nitriles bound to metal. 
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final coordination site.  The first is facilitated by the Tp′W(CO)2 fragment, or similar systems 
where the second ancillary ligand is also a σ-donor without any π-donor capability.  The 
second reactivity manifold uses the Tp′W(CO)(RC≡CR) fragment to support nitrile 
reactivity, which is impacted dramatically by the π-donor ability of the adjacent alkyne 
ligand. 
 Starting from the [Tp′W(CO)3(NCR)]+ complex (scheme 1.3),23 a hydride can be 
added to the nitrile causing the loss of  one carbonyl ligand, and forming the neutral 1-
azavinylidene complex Tp′W(CO)2(NCHR).24 This complex can also be formed through 
photolysis of Tp′WH(CO)3 in solution with nitrile.24  These 1-azavinylidene complexes can 
then be subjected to attack by an electrophile at the β-carbon of the nitrile forming the imido 
complex [Tp′W(CO)2(N=CHRE)]+.24  For the electrophile addition at the azavinylidene 
carbon the reactivity is the same as what would be expected for a vinylidene with 
nucleophilic character at the β-carbon.  This similarity is the result of the full donation of the 
nitrogen lone pair in order to satisfy the 18 e- formalism.  Since the lone pair is fully bonded 
to the metal through π-donation, it is not available to react with an electrophile.24 
X
N N
N
B
H
W
OC CO
CO
N C R
N N
N
B
H
W
OC CO
CO
H
Nu-
-CO
Photolysis
+nitrile
-CO
N N
N
B
H
W
OC CO
N C
R
Nu
R = Me, Ph
Nu- = H-, Et-, -OMe
E+X-
N N
N
B
H
W
OC CO
N C
E
R
Nu
X
R = Me, Ph
Nu- = H-, Et-, -OMe
E+ = H+, +CPh3
Scheme 1.3. Transformation from nitrile to imido complexes on the Tp′W(CO)2 fragment. 
 6 
 For the Tp′W(CO)(PhC≡CMe) fragment the nitrile complex is stabilized by the 4 e- 
donor capabilities of the alkyne ligand, allowing the isolation of cationic 
[Tp′W(CO)(PhC≡CMe)(N≡CR)]+ complex.25   This cationic complex can then be reacted 
with a nucleophile (either hydride or cyanide) to access the neutral 1-azavinylidene complex 
Tp′W(CO)(PhC≡CMe)(N=CNuR).26  This complex features an unusual 3-center-4-electron 
bonding scheme for the alkyne, the 1-azavinylidene lone pair, and the vacant metal dπ orbital 
(see figure 1.3. (b)).  This electronic flexibility results in greater accessibility to the nitrogen 
lone pair as a reaction site on the complex.  Because of this, when 
Tp′W(CO)(RC≡CR)(N=CNuR) is treated with small electrophiles, such as a proton, the 
reaction results in the electrophile addition at the nitrogen to yield 
[Tp′W(CO)(PhC≡CMe)(NE=CNuR)]+ (scheme 1.3)26 as opposed to addition to the nitrile 
carbon, as is seen in the dicarbonyl case above (scheme 1.4).  This alternating addition of 
nucleophile and electrophile can be repeated, isolating, first, the neutral amido complex 
C
O
W
C
C
C
H
H O
N C
H
CH3
y
z
x
C
O
dxz dyz dxy
W
CC
O
N C
H
CH3
y
z
x
C
O
dxz dyz
O
(a) (b)
C
O
O
C
74 °
dx2-y2
Figure 1.3. (a) The π-orbital interactions for the CO and 1-azavinylidene ligands in the 
Tp′W(CO)2(N=CHCH3) complex, including the distortion of the C-W-C angle to 
maximize backbonding overlap with the filled dxy orbital. (b) The π-orbital interactions for 
the CO, 1-azavinylidene, and alkyne ligands in the Tp′W(CO)(HC≡CH)(N=CHCH3) 
complex, including the 3-center-4-electron bonding scheme between the nitrogen lone 
pair, the alkyne and the vacant dxz orbital. 
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Tp′W(CO)(PhC≡CMe)(NH=CNu2R), and then the cationic amine complex 
[Tp′W(CO)(PhC≡CMe)(NH2CNu2R)]+.26  If different nucleophiles are used for the two 
nucleophile additions, a chiral center is formed at the amido carbon with high 
diastereoselectivity.26  By treating the amine complex with acid in the presence of nitrile, the 
cycle can be turned over, producing a free alkyl ammonium cation, and reforming the 
cationic nitrile complex [Tp′W(CO)(RC≡CR)(N≡CR)]+ (scheme 1.4).  The reverse of this 
stepwise process, the stepwise oxidation of benzylamine to form the cationic benzonitrile 
complex, has also been reported (scheme 1.4).27  
  
+
W
N N
N
CO
B
N
H
R
Ph
Me
Nu-
W
N N
N
CO
B
N
H
Nu
R
Ph
Me
+
W
N N
N
CO
B
N
H
Ph
Me
H
RNu
Nu-
W
N N
N
CO
B
N
H
Ph
Me
H
RNu
Nu
W
N N
N
CO
B
N
H
Ph
Me
H
RNu
Nu
+
H
H+
+nitrile
-[HNH2CNu2R]+
B-
H+
H+
B-
I2, NEt3
AgBF4
R = Ph, CH3
Nu = H-, CN-
B = KH, nBuLi
Scheme 1.4.  The stepwise reduction of nitrile to amine, and stepwise oxidation of 
amine to nitrile. 
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1.3 Alkyne Activation: 
 The use of alkynes as building blocks for organic synthesis has long been utilized as a 
way to access unsaturated organic products, and these reactions are frequently promoted by 
binding to transition metals.  These reactions range widely from simple nucleophilic 
additions to yield functionalized alkenes,28 to cyclizations forming heteroatomic ring 
systems,29 to the synthesis of complex natural products.30  Much of this work has been 
reviewed in depth with 
the macroscopic trend 
for these reactions 
leaning toward 
cyclization reactions 
incorporating a wide variety of functionalities into newly formed cyclic products.31–33  Of 
particular note in this class of reactions is the Pauson-Khand reaction, which typically forms 
five member rings from an alkyne, an alkene and a CO which is obtained from the Co2(CO)8 
catalyst (scheme 1.5).34 This chemistry has expanded tremendously since it was first reported 
in the early 1970s, and has been adapted to work with the extreme complexities of natural 
product synthesis.30,35,36 
 Another major manifold for the activation of alkynes is metathesis.  Alkyne cleavage, 
and particularly alkyne cross metathesis reactions have become important tools in synthetic 
organic and polymerization chemistry over the past 15 years.  A few successful systems for 
alkyne cross metathesis, and even nitrile alkyne cross metathesis have been reported based on 
tungsten and molybdenum alkylidyne and nitride catalysts (figure 1.4).37–39 These systems 
have not been as fully developed as those for olefin metathesis.40  Beyond the realm of 
R1
R2
R4R3
R5 R6
+
Co2(CO)8
R1
R2
R3
R4
R5
R6
O
Scheme 1.5. Generic Pauson-Khand reaction. 
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metathesis reactions, alkyne cleavage reactions have remained an active and promising 
field.41–45 
 Alkynes are also frequently activated through rearrangements at metal centers from η2 
binding modes to end-on η1 conformations, either through deprotonation to form an acetylide 
complex as has been investigated extensively for group VI metals by the work of 
Ipaktschi,46–49 or by isomerization to form vinylidene complexes as is seen more frequently 
in late transition metal systems.50–52  These acetylide complexes can be converted to 
vinylidene complexes through the addition of an electrophile to the electron-rich acetylide β-
carbon.47,53–56 The vinylidene complexes can then be treated with another equivalent of 
electrophile which adds again at the β-carbon to access the metal-carbon triple bonded 
carbyne complex.57–62 Alternatively, the vinylidene complexes are also subject to 
nucleophilic attack at the α-carbon forming a vinyl complex.54,56,58 A metal carbene complex 
can be formed either by the treatment of the carbyne complex with a nucleophile, which adds 
at the α-carbon,63–65 or by the addition of an electrophile to the β-carbon of the vinyl 
species.55,66,67  By adding a nucleophile to the carbene carbon, an alkyl complex is formed 
Mo
N
O
O
O
Si
Ph Ph
Ph
SiPh
PhPh
Si
Ph
Ph
Ph
W
C
O
O
O
CF3
CF3
CF3F3C
F3C
F3C
R(a) (b)
Figure 1.4. (a) Nitrile alkyne cross metathesis catalyst. (b) Alkyne cross 
metathesis catalyst. 
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completing the reduction of the alkynyl ligand.68,69  This full reactivity scheme is shown in 
scheme 1.6. 
 For Tp′W(CO) complexes alkyne activation work has primarily focused on the 
functionalization of alkynes through nucleophile addition.  This reactivity takes advantage of 
the 4-electron donor motif of the alkynes70 and the relatively electron-poor metal center to 
stabilize unusual binding modes for 
intermediate structures in the during 
these functionalization reactions.  
[Tp′W(CO)2(RC≡CR)]+ complexes 
have been shown to add nucleophiles 
at the less sterically hindered alkyne 
carbon forming η2-vinyl 
complexes.71  For terminal alkynes 
these complexes can even be formed 
with bulky nucleophiles like PhLi 
and  P(OMe)3 (see scheme 1.7).  
LnM C C R
E+
LnM C C
E
R E+
LnM C C
E
R
E
Nu-
LnM C
C
Nu
R
E
E+
LnM C
C
Nu
R
E E
Nu-
Nu-
LnM C
C
Nu
R
E E
Nu
Scheme 1.6. The stepwise reduction of a metal alkynyl ligand to a metal alkyl ligand by 
sequential electrophile and nucleophile addition. 
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Scheme 1.7. Accessing the η2-vinyl species on the 
Tp′W(CO)2 fragment. 
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Alkynes with β-carbon protons are capable of additional rearrangements, such as the 
formation of allyl systems, through the transfer of a methyl group proton, after the formation 
of the η2-vinyl species (see scheme 1.8).  In the case of terminal alkynes like 1-butyne, 1-
hexyne, or 3-phenyl-1-propyne, a β-carbon proton can be removed from the neutral η2-vinyl 
species to form an anionic η2-allenyl species, (see scheme 1.8), which is identified in the IR 
spectrum by CO stretching frequencies around 1880 and 1670 cm-1.  This species is then 
restored to an η2-vinyl species by the addition of methyliodide.72  This sort of η2-vinyl 
species can also be accessed briefly through the photolysis of Tp′W(CO)3H in the presence of 
alkynes including acetylene.73 
 Terminal alkynes in the [Tp′W(CO)2(RC≡CH)]+ family have also been shown to be 
susceptible to activation by the addition of primary amines, forming vinyl amido complexes, 
X
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C
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H
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W
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H
H
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B
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W
OC CO
C
C
C
H
H
R
H
Li
Scheme 1.8. Additional reactivity accessible for alkynes with β-carbon protons. 
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(see scheme 1.9) most likely through an  η2-vinyl intermediate.74  These reactions require at 
least two equivalents of primary amine so that one equivalent may serve as the base that 
deprotonates the coupling amine during rearrangement to form the vinyl amido. 
 In the related Tp′W(CO)(I)(RC≡CR) system, the ability of the 4-electron donor 
alkynes to form η2-allenyl complexes has also supported the development of alkyne 
functionalization chemistry.  By treating the 1-phenylpropyne sequentially with base to form 
the η2-allenyl species, then with 1,5-diiodopentane the complex 
Tp′W(CO)(I)(PhC≡C(CH2)5I) is formed.75  This complex can then be deprotonated at the β-
carbon using potassium hydride or potassium tert-butoxide, forming the η2-allenyl species, 
which leads to an intramolecular ring closure of the alkane chain to form a cyclopentane ring 
with release of iodide.  This same strategy can be used by starting with the parent acetylene 
complex and functionalizing it to access the complex Tp′W(CO)(I)(MeC≡C(CH2)nI) where n 
= 5 or 7.  The β-methyl group can then be deprotonated with lithium diisopropylamide 
(LDA) leading to an intramolecular ring closure forming either a cyclooctyne or cyclodecyne 
ring with the release of iodide (see scheme 1.10).75 
X
N N
N
B
H
W
OC CO
Ph
H
xs NH2R
N N
N
B
H
W
OC CO
N
R
Ph
+ [NH3R]+
Scheme 1.9. Activation of a bound alkyne by amine addition and rearrangement. 
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  This ease of functionalization combined with chirality at the metal center of the 
Tp′W(CO)(I)(RC≡CR) complexes led to the development of diastereoselective and 
stereoselective functionalizations of the alkyne fragments.  The diastereoselectivity was first 
realized for the complexes Tp′W(CO)(I)(PhC≡CCH2R) where R = Me, or CH2Ph (Bz).  By 
treating these with base the η2-allenyl species is formed, and this anionic intermediate can be 
treated with either BzBr or MeI to create a stereocenter at the alkyne β-carbon. The same 
product, Tp′W(CO)(I)(PhC≡CCH(Me)Bz), can be accessed by two distinct routes.  When the 
1H-NMR spectra for these two reactions are compared, each pathway results in the formation 
of a different diastereomer with different chemical shifts despite both reactions sequences 
forming single products diastereoselectively.76  With the ability to make enantiomerically 
Scheme 1.10. (a) The exocyclic cyclization, and (b) the endocyclic cyclization, initiated 
by deprotonation to form the η2-allenyl species.  
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pure starting material for these reactions,77 it became possible to assign the diastereomers 
formed, and through photolysis of the optically pure complexes, the enantiopure alkynes 
were isolated.78 
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Scheme 1.11. Synthesis of various diastereomers of the alkyne complex by modulating 
addition order.  By using enantiopure starting material specific stereoisomers were made. 
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1.4 Summary: 
 Here we have described the greater context for the activation chemistry of alkynes 
and nitriles at transition metal centers, and particularly in fragments utilizing the 
[Tp′W(CO)]n+ fragment.  Using this as the backdrop for the rest of this work, we will 
describe explorations of the regioselectivity of addition reactions to nitriles and the effect of 
oxidation chemistry on the regioselectivity of those reactions with and without spectator 
alkyne ligands.  A study on acetylene activation to observe a series of isomers of the 
acetylene complex including a metal vinylidene and a carbyne complex is discussed.  Lastly, 
various nucleophilic addition reactions at both the nitrile and alkyne ligands are examined 
including intramolecular coupling reactions involving both the alkyne and nitrile ligands. 
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Chapter 2: Regioselectivity of Addition to the Azavinylidene Ligand in Tp′W(CO)(η2-
HC≡CH)(N═CHMe): Electrophilic Addition versus Oxidation and Radical Coupling§ 
 
2.1 Introduction: 
 The importance of vinylidenes and 1-azavinylidenes (also called metalloimines) as 
intermediates in chemical transformations is outpaced only by the variety of reactions in 
which they are implicated.1-5 Well-established reactivity patterns are in place for these 
ligands regarding the addition of electrophiles and nucleophiles that follow effective atomic 
number guidelines, and there are relatively few exceptions.1,5,6 Note that the moniker 
azavinylidene has sometimes been used 
to refer to 2-azavinylidenes	 or 
aminocarbynes which are bound to the 
metal through carbon rather than 
nitrogen (see Figure	2.1). 
 For vinylidenes, the standard reactivity pattern is for nucleophilic attack to occur at 
the α-carbon and for electrophilic attack to take place at the β-carbon, as predicted by simple 
electron-counting rules.5-9 Sometimes, such as for IrCl(PR3)2═C═CH2 and 
ReCl(dppe)2═C═CHPh, the metal is the preferred site for electrophile addition, particularly 
when increasing the coordination number is acceptable; the total electron counts for these 
metals remain unchanged.10, 11 In the case of CpRh(PR′3)═C═CHR, due to the atypical d 																																																								§	Reproduced with permission from Beattie, R. J.; White, P. S.; Templeton, J. L. 
Organometallics 2016, 35 (1), 32–38. Copyright 2016 American Chemical Society.	
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Figure 2.1. 1-Azavinylidenes (metalloimines) vs. 
2-azavinylidenes (aminocarbynes). 
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orbital energy levels of the CpRh(PR′3) fragment, the HOMO resides primarily on the α-
carbon, as does a partial negative charge.7 This unusual charge distribution for an 
LnM═C═CR2 moiety results in electrophilic attack at the α-carbon.12-14  
 For 1-azavinylidenes, the 
disposition of the lone pair on nitrogen is 
the key determinant dictating the 
regiochemistry of electrophile addition: 
will the electrophile add at the α-nitrogen 
or at the β-carbon? In systems that 
require donation of the nitrogen lone pair 
to the metal center in order to adhere to 
the	18-electron rule, such as in complexes with the Tp′W(CO)2 fragment, electrophiles add	to 
the β-carbon since the nitrogen lone pair is tied to the metal and is unavailable to react.15 
Stated another way, the reactivity for 1-azavinylidene bound to the Tp′W(CO)2 fragment is 
identical with that typically observed for vinylidenes. However, once an adjacent alkyne with 
π-donor potential is installed, the electron density of the system is enriched, and the α-
nitrogen lone pair is the preferred site for electrophile addition (Scheme	2.1).  
 In complexes containing an adjacent alkyne ligand, the nitrogen lone pair is involved 
in a three-center bonding scheme (counting the η2-alkyne as a single center). An η2-alkyne 
can bind to a metal center through σ donation using the filled alkyne π∥ orbital and can also 
donate electron density into a dπ orbital from the filled alkyne π⊥	orbital.16 In this system the 
cis-alkyne combines with the nitrogen lone pair and the vacant metal	dxy orbital to participate 
in a three-center–four-electron bond, as shown in Figure	 2.2. This three-center interaction 
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Scheme 2.1. Known electrophile additions to 
Tpʹ(CO)(L)(NCHMe) with and without adjacent 
alkyne. 
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makes the nitrogen lone pair redundant and 
therefore accessible to external reagents, 
making the α-nitrogen the preferred site for 
the addition of electrophiles.17, 18 
 The use of one-electron oxidants to 
promote coupling reactions is prevalent in 
the literature, with applications ranging 
from polymerization to simple 
stoichiometric couplings across the fields of 
organic and inorganic chemistry alike.19 The 
trityl cation is an excellent example of this 
type of reagent and has been used in a wide 
variety of applications as a one-electron oxidant and as an electrophile. As an oxidant the 
CPh3+ fragment has been used in several systems to initiate polymerizations,20 do hydride 
abstractions,21 cause dimerizations,22, 23 create new C–C bonds in organic systems,24 and 
create new C–C bonds with ligands in organometallic systems.25 By oxidizing and then 
adding to the oxidized fragment, the trityl cation is completing a net electrophile addition. 
However, this change in mechanism allows access to reactivity patterns unavailable for 
simple electrophilic additions. Here we report an 1-azavinylidene complex with an adjacent 
variable electron donor acetylene ligand16, 17, 26 that allows cationic fragments to add to the 1-
azavinylidene ligand at the α-nitrogen through simple electrophilic addition or to the β-
carbon by accessing the oxidation, radical–radical coupling pathway. 
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Figure 2.2. dπ interactions for 3.  The dxy 
shows the 3-center-4-electron bonding scheme 
for the alkyne and azavinylidene.  The dyz and 
dxz show the backbonding interactions of the 
carbonyl and acetylene. 
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2.2 Results and Discussion: 
 Access to our azavinylidene reagent complex begins with the synthesis of the cationic 
acetonitrile tungsten(II) complex. By stirring the previously reported parent acetylene 
complex [Tp′W(CO)2(HC≡CH)][OTf]27 (1; Tp′ = hydridotris(3,5-dimethylpyrazolyl)borate) 
overnight in a 1/1 dichloromethane/acetonitrile mixture, quantitative replacement of one of 
the carbonyl ligands by acetonitrile is observed. This transformation, maintaining the 
acetylene as a “four-electron” donor, is accompanied by a color change from a bright kelly 
green to a deep ocean blue. The cationic carbonyl nitrile acetylene complex 2 is identified in 
the 1H NMR spectrum by the decrease in symmetry from the Cs structure of 1 to the C1 
complex containing a chiral metal center. Three independent sets of signals for each pyrazole 
ring (two CH3 groups and one H) result, and this increase in the number of Tp′ signals is 
accompanied by an observable signal for each of the two acetylene protons as facile 
acetylene rotation in 1 gives way to a preferred alignment of the alkyne parallel to the metal–
Figure 2.3. ORTEP diagrams for the [TpʹW(C2H2)(CO)(NCCH3)][BF4]  (2, left) and 
TpʹW(C2H2)(CO)(NCHCH3)  (3, right) with all hydrogens except the azavinylidene proton 
omitted for clarity. 
	 25	
carbonyl axis with a significantly higher alkyne rotational barrier (see Figure	2.2). A new 
methyl signal	 corresponding to the bound acetonitrile ligand appears near 3 ppm. These 
assignments are confirmed by X-ray crystallography (see Figure 2.3). 
 Analogous to previous work reflecting stepwise reduction of coordinated nitrile 
ligands in the presence of ancillary alkyne ligands,17 this complex can be subjected to 
hydride addition at the β-carbon of the nitrile ligand to yield the neutral carbonyl 
azavinylidene acetylene species 3 shown in eq 1. The 1H NMR spectrum of 3 shows the 
expected quartet and doublet splitting pattern for the β-carbon proton and methyl group. 
Additionally, the color changes to orange indicating that the alkyne and the nitrogen are now 
both providing electron density to the vacant dxy orbital and pushing the LUMO to higher 
energy.17 The color change is accompanied by an upfield shift of ∼60 ppm for the acetylene 
13C NMR signals, reflecting the reduced role of the acetylene π⊥ electron pair donation into 
the metal.28 The 1H NMR spectrum reveals two isomers for this complex in a 4:1 ratio 
resulting from the two possible orientations of the 1-azavinylidene ligand in the xy plane (see Figure	 2.2). The major isomer has the 1-azavinylidene methyl group away from the Tp′ 
backbone, and the minor isomer has the methyl group pointing toward the Tp′ rings on the 
basis of known chemical shift variations for ligands cis to Tp′ pyrazole rings.17, 29 This 
isomer preference is presumably the result of steric factors. 
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 A bright orange crystal of this complex was grown by slow evaporation, and an X-ray 
crystal structure confirmed the expected acetylene and 1-azavinylidene alignments congruent 
with simple electronic considerations for the d4 WII metal center. The acetylene ligand is 
oriented parallel to the carbonyl ligand so as to maximize back-bonding interactions, and the 
plane of the 1-azavinylidene ligand, defined by the β-substituents on carbon, is oriented 
perpendicular to the metal–carbonyl axis so that the nitrogen lone pair interacts with the 
empty dxy orbital of the tungsten(II) metal center. The structure reveals a nearly linear W–N–
C angle for the 1-azavinylidene of 169.8°. This indicates that the 1-azavinylidene is 
participating in a three-center–four-electron bonding scheme, where both the acetylene π⊥ 
electrons and the nitrogen lone pair donate electron density into the empty metal dxy orbital. 
By addition of tetrafluoroboric acid to 3, the 1-azavinylidene nitrogen can be protonated to 
form the blue WII imine cation 4 analogously to the literature precedent shown in Scheme 
1b.17 This completes the reduction of the N–C triple bond to a double bond, and the result is a 
simple two-electron-donor imine occupying the site adjacent to carbonyl and acetylene 
ligands. 
 The use of bulkier electrophiles was examined to probe access to the reactive nitrogen 
lone pair. Treating 3 with 1 equiv of methyl triflate slowly turns the starting material from 
orange to blue over the course of 24 h. This reaction produces the methyl imine complex 5. 
The addition of ethyl triflate to 3 also leads to the imine product but requires 72 h of heating 
at 35 °C in order to push the reaction to a majority of the ethylated product. Adding 
trimethylsilyl triflate to 3 did not form any appreciable amount of addition product after 5 
days at 35 °C. Though complexes 5 and 6 have been fully characterized (see section 2.4), the 
extended reaction times required for addition of larger substituents versus protons to the α-
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nitrogen and the lack of reaction with a bulky trimethylsilyl electrophile hint at the 
importance of steric considerations for addition at nitrogen. 
 Reacting the 1-azavinylidene starting material 3 with trityl cation, [CPh3][BF4], 
causes an immediate color change from orange to a light olive green. NMR spectra show 
complete conversion of the starting material to a new species with incorporation of the trityl 
group into the complex. This new species is most easily detected in the 1H NMR spectrum by 
an upfield shift of the acetylene protons of about 0.5 ppm and by the disappearance of the 
two isomers of 3 to form a single product. A similar “three H doublet and one H quartet” 
pattern is observed as is observed for 3, demonstrating retention of the CHCH3 unit. In order 
to determine the connectivity of the trityl group, 2-D NMR spectroscopy techniques were 
required. The observation of cross-peaks for the 1-azavinylidene β-carbon proton and the 
central carbon of the trityl 
group in the HMBC spectrum 
and the 1JCH value of 135 Hz 
indicative of sp3 character for 
the former 1-azavinylidene β-
carbon, shown in Figure	 2.4, 
led to the assignment of the 
new species as the tungsten 
imido complex 7, resulting 
from trityl addition to the β-
carbon of the 1-azavinylidene. 
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Figure 2.4. 1 and 2-D 1H and 13C NMR spectra of the trityl 
addition product. a) HMBC data showing the central trityl 
carbon, coupling to the β-carbon proton and the ortho-
protons of the phenyl rings. b) 13C proton coupled spectra 
showing the 1-azavinylidene β-carbon with sp3 coupling. 
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 This assignment was 
confirmed when a hexagonal olive 
green plate grown from layering the 
NMR sample with pentane yielded 
the single-crystal X-ray structure 
shown in Figure	 2.5. The structure 
was determined absolutely (with a 
Flack parameter of 0.003(3)) to be 
the S,R diastereomer, though the 
reaction solution is an equal mixture of the S,R and R,S diastereomers. 
 Additionally, if the major isomer were responsible for the product, then the trityl 
group must add to the 1-azavinylidene ligand from above the Tp′ ligand in order to form the 
S,R or R,S diastereomer. Since the size of the trityl group makes this improbable, and we see 
single diastereomeric products, we postulate that the trityl reagent can only access the 1-
azavinylidene β-carbon when the methyl group is pointing toward the Tp′ ligand. In other 
words, the imido radical must rotate to the minor isomer position after oxidation in order to 
form the trityl addition imido product. This sort of diastereoselective addition at the β-carbon 
has been observed for imines bound to a chiral metal center for nucleophiles in systems 
analogous to 4, as well as others.17, 30, 31 
 Addition of an electrophile invariably leads to decreased dπ electron density available 
for back-bonding, and proton addition to nitrogen increases the CO frequency from 1886  
cm–1 for 3 to 1946 cm–1 for 4. Far more dramatic is the increase from 1886 to 2109 cm–1 
when the triphenylmethyl fragment is added to the β-carbon, effectively oxidizing the metal 
Figure 2.5. ORTEP diagram for the S,R 
diastereomer of 
[TpʹW(C2H2)(CO)(NCH(CH3)CPh3)][BF4] (7) 
with non-relevant hydrogens and [BF4]- 
counterion omitted for clarity. 
	 29	
by two electrons. This shift of over 200 cm–1 is a reflection of not only the now electron-poor 
d2 tungsten but also the π-acidity of the acetylene ligand, which appears to be a stronger π-
acid than a carbonyl ligand in analogous dicarbonyl systems on the basis of comparisons of 
average CO stretching frequencies.32 
 Since the trityl reagent is a well-
known 1e– oxidant, cyclic 
voltammograms (CVs) of 3 and 
[CPh3][BF4] were conducted in a three-
compartment cell with a glassy-carbon 
working electrode, a platinum-wire 
counter electrode, and a Ag/AgNO3 (0.01 
M AgNO3; 0.1 M tetra-n-
butylammonium hexafluorophosphate 
([TBA][PF6]) in acetonitrile) reference 
electrode. CVs were performed in 
dichloromethane (0.1 M [TBA][PF6]) under a constant flow of argon. The scan rate was 100 
mV/s in all cases. CVs comparing 3 with E1/2 = −0.03 V and [CPh3][BF4] with E1/2 = 0.06 V 
are shown in Figure	 2.6. These experiments revealed that the oxidation of 3 by the trityl 
cation has a driving force of 90 mV, implying that the first step of our coupling reaction is 
likely a 1e– oxidation of 3. Since the imido product is formed rapidly with no observed 
byproducts, the reaction likely proceeds through a radical cage coupling mechanism 
(Scheme	2.2). 
Figure 2.6. Cyclic voltammagrams of 3 and the 
two trityl salts showing that oxidation by trityl is 
thermodynamically downhill, while the methoxy 
trityl oxidation is uphill. 
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 The proposed radical cage mechanism is further supported by the rapid reaction rate 
(visibly complete within 5 s) and the absence of observable Gomberg dimer, which signifies 
that little if any diffusion out of the radical cage occurs in this system. The rate of rotation 
interconverting isomers for the 1-azavinylidene starting material 3 was calculated on the 
basis of spin saturation NMR experiments to have ΔG⧧ = 17.4 kcal/mol at 293 K, 
corresponding to a half-life of 1.1 s. Since the rate of rotation should increase upon oxidation 
of the complex and loss of double-bond character, the fact that the starting material has a rate 
on the time scale of the proposed radical cage collapse suggests that the oxidized form could 
rotate before radical collapse, allowing the two radicals to form a single product. 
 By switching to [CPh2(C6H4OMe)][BF4] with an E1/2 = −0.14 V (Figure	 2.6), the 
oxidation potential for the cation is decreased by 200 mV, which makes the net oxidation of 
3 110 mV uphill. However, the reaction of 3 with the 4-methoxy trityl salt results in 
reactivity identical with that of the parent trityl cation, quickly forming the analogous 4-
methoxy trityl addition product 8. The 1H NMR for 8 displays the same one H quartet and 
three H doublet as seen in 7, as well as similar upfield shifts of the acetylene protons. There 
is also the convergence of the two isomers of the starting material to a single isomer of 8, 
which mirrors the behavior observed for 7. The 13C NMR shows signals for the central trityl 
carbon and the β-carbon of the 1-azavinylidene at 64 and 76 ppm, respectively, and the IR 
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stretching frequency for the carbonyl ligand is elevated to 2101 cm–1, all of which are 
analogous to those for 7. This reactivity, given the uphill first step, shows that the formation 
of the coupled product after the initial oxidation is fast and irreversible, which accounts for 
the minimal decrease in rate despite the larger initial barrier. Even though only small 
amounts of the radical pair are created, the intermediates will continually pool toward the 
product, pushing the reaction to completion. 
	 32	
 
2.3 Conclusion: 
 In summary, while the addition of electrophiles at either the α-nitrogen or the β-
carbon has been observed previously in independent systems, the ability of Tp′W(CO)(η2-
HCCH)(N═CHMe) to undergo net addition of an electrophile at either site demonstrates the 
flexibility of the 1-azavinylidene moiety when an ancillary alkyne ligand is present (Scheme	2.3). The electronically preferred addition site is the lone pair on nitrogen, which can be 
accessed by a proton or methyl or ethyl group. However, the oxidation potential of the trityl 
cation leads to a rapid oxidation of the metal center, diastereoselective addition to the 1-
azavinylidene β-carbon, and the formation of a WIV complex with a linear imido ligand. 
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2.4 Experimental: 
 All experiments were performed under a dry argon atmosphere using standard 
Schlenk techniques or in an MBraun UNILab glovebox. Sigma-Aldrich reagents were used 
without further purification. Infrared spectra were collected in dichloromethane solutions on 
an ASI ReactIR 1000. NMR experiments were conducted on the Bruker AVANCEIII500 500 
MHz spectrometer or the Bruker Ultrashield AVANCEIII600 600 MHz spectrometer. 
Elemental analyses were performed by Robertson Microlit Laboratories in Ledgewood, NJ. 
Complex 1 was synthesized as previously reported,27 and [CPh2(C6H4OMe)][BF4] was 
synthesized analogously to similar reagents as previously reported.33 
 
Synthesis of [Tp′W(CO)(HC≡CH)(N≡CCH3)][OTf] (2)  
In a Schlenk flask, 1.16 g (1.63 mmol) of [Tp′W(CO)2(HC≡CH)][OTf] was dissolved in 32 
mL of 1/1 dichloromethane/acetonitrile. The initially emerald green solution turned a deep 
ocean blue overnight. The solvent was removed under vacuum. The resulting blue solid was 
dissolved in a minimum amount of benzene and cannula-transferred into stirring pentane 
resulting in precipitation of a blue powder (1.08 g, 91%). IR (CH2Cl2, cm–1): νCO 1954. 1H 
NMR (CD2Cl2, ppm): 14.16, 12.94 (HC≡CH), 6.17, 6.04, 5.86 (Tp′CH), 2.80 (NCCH3), 2.55, 
2.53, 2.47, 2.41, 2.34, 1.61 (Tp′CCH3). 13C NMR (CD2Cl2, ppm): 221.9 (CO), 213.7 
(HC≡CH), 204.3 (HC≡CH), 151.9 (NCCH3), 154.2, 153.8, 150.0, 148.7, 147.7, 145.5 
(Tp′CCH3), 121.3 (q, CF3SO3–, 1JCF = 319 Hz), 108.8, 108.7, 108.2 (Tp′CH), 15.8, 15.8, 
15.5, 13.0, 12.9, 12.6 (Tp′CCH3), 5.0 (NCCH3). Anal. Calcd for WC21H27N7O4BF3S: C, 
34.78; H, 3.75; N, 13.52. Found: C, 34.51; H, 3.88; N, 13.27. 
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Synthesis of Tp′W(CO)(HC≡CH)(N═CHCH3) (3)  
In a Schlenk flask, 0.635 g (0.88 mmol) of 1 was dissolved in 45 mL of tetrahydrofuran. The 
blue solution was cooled in a −78 °C bath for 10 min before 1.31 mL (1.31 mmol, 1.5 equiv) 
of 1.0 M lithium triethylborohydride THF solution was added dropwise. The flask was then 
removed from the cold bath, and the contents were stirred for an additional 30 min. The 
solvent was removed under vacuum to yield an orangish brown solid. The solid was 
dissolved in a minimum amount of toluene and eluted under air-free conditions from a 5% 
triethylamine treated alumina column. The orange band was collected, and the solvent was 
removed to yield an orange solid (0.485 g, 96%). IR (CH2Cl2, cm–1): νCO 1886. 1H NMR 
(CD2Cl2, ppm): major isomer (80%), 10.43, 9.46 (HC≡CH, 2JWH = 8.8 Hz), 6.04, 5.89, 5.62 
(Tp′CH), 5.99 (q, N═CHCH3, 3JHH = 5.3 Hz), 2.64, 2.47, 2.33, 2.30, 2.29, 1.89 (Tp′CCH3), 
1.74 (d, N═CHCH3, 3JHH = 5.3 Hz); minor isomer (20%), 10.32, 9.47 (HC≡CH), 6.17 (q, 
N═CHCH3, 3JHH = 5.3 Hz), 6.01, 5.88, 5.61 (Tp′CH), 2.67, 2.48, 2.35, 2.35, 2.30, 1.87 
(Tp′CCH3), 1.62 (d, N═CHCH3, 3JHH = 5.3 Hz). 13C NMR (CD2Cl2, ppm): major isomer 
only, 232.3 (CO, 1JWC = 158.7 Hz), 154.9 (HC≡CH, 1JWC = 43.4 Hz), 151.0 (HC≡CH), 
152.4, 152.1, 150.3, 144.8, 144.7, 144.3 (Tp′CCH3), 107.4, 107.0, 106.9 (Tp′CH), 18.0 
(NCCH3), 15.6, 15.2, 15.0, 12.9, 12.8, 12.8 (Tp′CCH3). Anal. Calcd for WC20H28N7OB: C, 
41.62; H, 4.89; N, 16.99. Found: C, 41.33; H, 4.67; N, 16.75. 
 
Synthesis of [Tp′W(CO)(HC≡CH)(NH═CHCH3)][BF4] (4)  
In a Schlenk flask, 30 mg (52 µmol) of 2 was dissolved in 2 mL of dichloromethane and 
cooled to −78 °C in an acetone/dry ice bath. To the orange solution was added 7.1 µL (52 
µmol, 1.0 equiv) of tetrafluoroboric acid etherate, quickly changing the color of the solution 
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to a bright blue. The solution was removed from the cold bath and stirred for 30 min before 
the solvent was removed under vacuum. The blue solid was recrystallized using vapor 
diffusion with diethyl ether diffusing into dichloromethane. IR (CH2Cl2, cm–1): νCO 1946. 1H 
NMR (CD2Cl2, ppm): 14.23, 12.85 (HC≡CH), 10.67 (d, NHCHCH3, 3JHHtrans = 20.6 Hz), 
6.45 (dq, NHCHCH3, 3JHHtrans = 20.5 Hz, 3JHH = 5.3 Hz) 6.18, 6.05, 5.85 (Tp′CH), 2.57, 2.47, 
2.45, 2.40, 2.18, 1.66 (Tp′CCH3), 2.28 (d, NHCHCH3, 3JHH = 5.3 Hz). 13C NMR (CD2Cl2, 
ppm): 226.2 (CO), 212.1 (HC≡CH), 206.4 (HC≡CH), 178.7 (NHCHCH3), 153.4, 153.3, 
150.4, 149.8, 148.0, 145.5 (Tp′CCH3), 109.1, 109.0, 107.9 (Tp′CH), 25.1 (NHCHCH3), 16.3, 
15.5, 15.1, 12.9, 12.8, 12.7 (Tp′CCH3). Anal. Calcd for WC20H29N7OB2F4: C, 36.13; H, 4.40; 
N, 14.75. Found: C, 36.58; H, 4.55; N, 14.13. 
 
Synthesis of [Tp′W(CO)(HC≡CH)(N(CH3)═CHCH3)][OTf] (5)  
A Kontes flask was charged with a small stir bar and 0.182 g (0.32 mmol) of 3 in the 
glovebox, and the solid was dissolved in 18 mL of dichloromethane. A 41 µL portion (0.38 
mmol, 1.2 equiv) of methyl triflate was added to the flask. The flask was sealed and removed 
from the glovebox, and the solution was stirred for 24 h while the solution turned slowly 
from orange to green to blue. The volume of the blue solution was reduced and then cannula-
transferred into a stirred solution of triethylamine in hexanes, precipitating 5 and 
deprotonating the contaminant 4, which remained in the hexane solution (0.171 g, 73%). 
Crystals of [5][MeNEt3][OTf]2 were grown by vapor diffusion of diethyl ether into the 
reaction mixture in chloroform. IR (CH2Cl2, cm–1): νCO 1939. 1H NMR (CD2Cl2, ppm): major 
isomer (55%), 14.17, 12.85 (HC≡CH), 6.55 (q, N(CH3)CHCH3, 3JHH = 5.8 Hz) 6.20, 6.04, 
5.81 (Tp′CH), 3.23 (N(CH3)CHCH3), 2.54, 2.42, 2.41, 2.28, 2.08, 1.66 (Tp′CCH3), 2.11 (d, 
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N(CH3)CHCH3, 3JHH = 5.8 Hz); minor isomer (45%), 14.15, 12.79 (HC≡CH), 7.84 (dq, 
N(CH3)═CHCH3, 3JHH = 5.9 Hz, 4JHH = 1.5 Hz), 6.17, 6.04, 5.81 (Tp′CH), 3.38 
(N(CH3)CHCH3), 2.55, 2.43, 2.34, 2.11, 1.67, 1.57 (Tp′CCH3), 0.86 (dd, N(CH3)CHCH3, 
3JHH = 6.1 Hz, 4JHH = 1.4 Hz). 13C NMR (CD2Cl2, ppm): major isomer only, 226.7 (CO), 
213.1 (HC≡CH), 205.8 (HC≡CH), 177.8 (N(CH3)CHCH3), 153.3, 153.1, 150.4, 148.4, 147.8, 
146.1 (Tp′CCH3), 121.3 (q, CF3SO3–, 1JCF = 319 Hz), 109.5, 109.4, 108.1 (Tp′CH), 19.5 
(N(CH3)CHCH3), 16.4, 15.3, 15.1, 13.0, 12.8, 12.7 (Tp′CCH3), 8.1 (N(CH3)CHCH3). Anal. 
Calcd for WC22H31N7O4BF3S: C, 35.65; H, 4.22; N, 13.23. Found: C, 35.82; H, 4.43; N, 
13.27. 
 
Synthesis of [Tp′W(CO)(HC≡CH)(N(CH2CH3)═CHCH3)][OTf] (6)  
This complex was prepared using the same synthetic and purification methods as detailed in 
the synthesis of 5, except that the reaction time was 72 h at 35 °C, leading to 65% yield by 
NMR. Crystals were grown by vapor diffusion of diethyl ether into the reaction mixture in 
chloroform. IR (CH2Cl2, cm–1): νCO 1939. 1H NMR (CD2Cl2, ppm): major isomer (75%), 
14.18, 12.88 (HC≡CH), 6.49 (q, N(CH2CH3)CHCH3, 3JHH = 5.9 Hz) 6.20, 6.04, 5.81 
(Tp′CH), 3.85, 2.94 (dq, N(CH2CH3)CHCH3, 2JHH = 12.1 Hz, 3JHH = 7.3 Hz), 2.54, 2.42, 
2.42, 2.32, 2.09, 1.66 (Tp′CCH3), 2.07 (d, N(CH2CH3)CHCH3, 3JHH = 5.9 Hz), 1.19 (t, 
N(CH2CH3)CHCH3, 3JHH = 7.4 Hz); minor isomer (25%), 14.14, 12.80 (HC≡CH), 7.90 (q, 
N(CH2CH3)═CHCH3, 3JHH = 6.1 Hz), 6.17, 6.04, 5.81 (Tp′CH), 3.50, 3.10 (dq, 
N(CH2CH3)CHCH3, 2JHH = 14.6 Hz, 3JHH = 7.3 Hz), 2.54, 2.43, 2.38, 2.13, 1.68, 1.65 
(Tp′CCH3), 1.30 (t, N(CH2CH3)CHCH3, 3JHH = 7.4 Hz), 0.88 (d, N(CH2CH3)CHCH3, 3JHH = 
6.1 Hz). 13C NMR (CD2Cl2, ppm): major isomer only, 227.5 (CO), 213.8 (HC≡CH), 205.6 
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(HC≡CH), 177.1 (N(CH2CH3)CHCH3), 153.0, 152.9, 150.4, 148.2, 147.9, 146.2 (Tp′CCH3), 
121.4 (q, CF3SO3–, 1JCF = 313 Hz), 109.5, 109.4, 108.1 (Tp′CH), 58.8 (N(CH2CH3)CHCH3), 
19.3 (N(CH2CH3)CHCH3), 16.2, 15.6, 15.3, 13.0, 12.8, 12.8 (Tp′CCH3), 13.4 
(N(CH2CH3)CHCH3). Anal. Calcd for WC23H33N7O4BF3S: C, 36.58; H, 4.40; N, 12.98. 
Found: C, 36.71; H, 4.16; N, 12.74. 
 
Synthesis of [Tp′W(CO)(HC≡CH)(NCH(CH3)CPh3)][BF4] (7)  
In a J. Young tube in the glovebox, 30.4 mg (53 mmol) of 3 was dissolved in 0.6 mL of 
deuterated dichloromethane. To the orange solution was added 17.6 mg (53 mmol, 1 equiv) 
of triphenylcarbenium tetrafluoroborate, and the J. Young tube was sealed. The solution was 
agitated to dissolve the reagent, causing a color change from orange to olive green. 1H NMR 
showed complete conversion to 7. When this solution was layered in the J. Young tube with 
0.6 mL of pentane in the glovebox and allowed to sit overnight, an X-ray crystallography 
quality olive green hexagonal crystal was grown. NMR yield: >95%. IR (CH2Cl2, cm–1): νCO 
2109. 1H NMR (CD2Cl2, ppm): 9.80, 9.12 (HC≡CH, 2JWH = 12.1 Hz, 2JWH = 9.8 Hz), 7.33, 
7.28, 7.20 (tmeta, tpara, dortho, NCH(CPh3)CH3), 6.36, 5.96, 5.64 (Tp′CH), 6.08 (q, 
NCH(CPh3)CH3, 3JHH = 6.6 Hz), 2.78, 2.52, 2.37, 2.24, 1.83, 1.47 (Tp′CCH3), 1.16 (d, 
NCH(CPh3)CH3, 3JHH = 6.6 Hz). 13C NMR (CD2Cl2, ppm): 204.9 (CO), 155.1, 154.0, 152.4, 
148.0, 147.7, 146.7 (Tp′CCH3), 130.3, 128.8, 127.6 (ortho, meta, para, NCH(CPh3)CH3), 
125.2 (HC≡CH pointed toward Tp′), 123.0 (HC≡CH pointed away from Tp′), 110.1, 109.0, 
108.5 (Tp′CH), 76.6 (NCH(CPh3)CH3, 1JCH = 137.5 Hz), 64.8 (NCH(CPh3)CH3)17.7 
(NCH(CPh3)CH3), 16.2, 16.2, 15.2, 13.2, 13.0, 12.8 (Tp′CCH3). 
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Synthesis of [Tp′W(CO)(HC≡CH)(NCH(CH3)C(C6H4OCH3)Ph2)][BF4] (8)  
A 9.3 mg portion (16 mmol) of 3 and 5.8 mg (16 mmol, 1 equiv) of [CPh2(C6H4OMe)][BF4] 
were reacted and purified by the same procedure as in the synthesis of 7. NMR yield: >95%. 
IR (CH2Cl2, cm–1): νCO 2101. 1H NMR (CD2Cl2, ppm): 9.82, 9.11 (HC≡CH, 2JWH = 12 Hz, 
2JWH = 9.7 Hz), 7.32, 7.27, 7.18 (NCH(CPh2PhOMe)CH3), 7.09, 6.85 
(NCH(CPh2PhOMe)CH3), 6.35, 5.96, 5.64 (Tp′CH), 6.04 (q, (NCH(CPh2PhOMe)CH3, 3JHH 
= 6.6 Hz), 3.81 (NCH(CPh2PhOCH3)CH3), 2.76, 2.52, 2.38, 2.24, 1.84, 1.53 (Tp′CCH3), 1.16 
(d, NCH(CPh2PhOMe)CH3, 3JHH = 6.6 Hz). 13C NMR (CD2Cl2, ppm): 204.9 (CO), 155.0, 
153.9, 152.3, 147.9, 147.6, 146.7 (Tp′CCH3), 130.1, 128.7, 127.4, 113.9 
(NCH(CPh2PhOMe)CH3), 125.1 (HC≡CH pointed toward Tp′), 123.0 (HC≡CH pointed 
away from Tp′), 110.0, 108.9, 108.5 (Tp′CH), 76.7 (NCH(CPh2PhOMe)CH3), 64.1 
(NCH(CPh2PhOMe)CH3), 55.7 (NCH(CPh2PhOCH3)CH3), 17.6 (NCH(CPh2PhOMe)CH3), 
16.2, 16.1, 15.2, 13.2, 12.9, 12.8 (Tp′CCH3). 
 
Electrochemistry of Trityl Salts and 3  
Cyclic voltammograms were conducted in a three-compartment cell with a glassy-carbon 
working electrode, a platinum-wire counter electrode, and a Ag/AgNO3 (0.01 M AgNO3; 0.1 
M [TBA][PF6] in acetonitrile) reference electrode. The analyte was typically ∼1 mM in 
dichloromethane (0.1 M [TBA][PF6] supporting electrolyte) and was placed under a constant 
flow of argon. The scan rate was 100 mV/s in all cases. 
Crystal Structure Determination of 2  
Single crystals of C21H29B2Cl2F4N7OW (2) were grown by layering pentane over a solution 
of the product in CH2Cl2. A suitable crystal was selected and mounted on a Bruker APEX-II 
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CCD diffractometer. The crystal was kept at 100 K during data collection. Using Olex2,34 the 
structure was solved with the XT35 structure solution program using direct methods and 
refined with the XL36 refinement package using least-squares minimization. 
 
Crystal Structure Determination of 3  
Single crystals of C20H28BN7OW (3) were recrystallized from a mixture of CH2Cl2 and 
pentane by slow evaporation. A suitable crystal was selected and mounted on a MITIGEN 
holder in Paratone oil on a Bruker APEX-II CCD diffractometer. The crystal was kept at 100 
K during data collection. Using Olex2,34 the structure was solved with the olex2.solve37 
structure solution program using charge flipping and refined with the XL36 refinement 
package using least-squares minimization. 
 
Crystal Structure Determination of 5  
Single crystals of C30H49BF6N8O7S2W (5) were recrystallized from a vapor diffusion of 
diethyl ether into chloroform. A suitable crystal was selected and mounted on a Bruker 
APEX-II CCD diffractometer. The crystal was kept at 100 K during data collection. Using 
Olex2,34 the structure was solved with the olex2.solve37 structure solution program using 
charge flipping and refined with the XL36 refinement package using least-squares 
minimization. 
 
Crystal Structure Determination of 6  
Single crystals of C23H33BF3N7O4SW (6) were grown by vapor diffusion of diethyl ether into 
chloroform. A suitable crystal was selected and mounted on a Bruker APEX-II CCD 
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diffractometer. The crystal was kept at 100.15 K during data collection. Using Olex2,34 the 
structure was solved with the XT35 structure solution program using direct methods and 
refined with the XL36 refinement package using least-squares minimization. 
 
Crystal Structure Determination of 7  
Single crystals of C47H59B2F4N7O3W (7) were recrystallized by layering pentane over 
tetrahydrofuran. A suitable crystal was selected and mounted on a Bruker APEX-II CCD 
diffractometer. The crystal was kept at 100 K during data collection. Using Olex2,34 the 
structure was solved with the olex2.solve37 structure solution program using charge flipping 
and refined with the XL36 refinement package using least-squares minimization. 
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2.5 Supplemental Information 
 
Figure 2.7. 1H NMR for 2. 
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Figure 2.8. 13C NMR for 2. 
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Figure 2.9. 1H NMR for 3. 
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Figure 2.10. 13C NMR for 3. 
	 45	
Figure 2.11. 1H NMR of 4. 
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Figure 2.12. 13C NMR of 4. 
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Figure 2.13. 1H NMR of 5. 
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Figure 2.14. 13C NMR of 5. 	
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Figure	2.15.	1H	NMR	of	6.		
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Figure	2.16.	13C	NMR	of	6.		
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Figure 2.17. 1H NMR of 7. 
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Figure 2.18. 13C NMR of 7. 
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Figure 2.19. HMBC of 7. 	
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Figure	2.20.	1H	spectrum	of	8.		
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Figure	2.21.	13C	spectrum	of	8.		
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Spin saturation experimental information for complex 3: 
 
 Given that the rate of interconversion for two isomers of a compound with distinct 
NMR signatures, separated by at least 0.1 ppm, and assuming a saturation time long enough 
to reach a steady state value for MA, can be determined according to the equation 2. 
                                                  
II. Spin saturation experimental information for complex 3: 
 
Given that the rate of interconversion for two isomers of a compound with distinct NMR 
signatures, separated by at least 0.1 ppm, d assuming a saturation time long enough to 
reach a steady state value for MA, can be determined according to the equation 1. 
                                                  ! = !!! !!!!! − 1                                                (1) 
Where k is the rate of interconversion, T1 is the spin relaxation time of the equivalent 
non-irradiated NMR signal, MoA is the integration of the equivalent non-irradiated NMR 
signal without saturation and MA is the integration of the equivalent non-irradiated NMR 
signal with saturation of the equivalent NMR signal. 
 
The first necessity for this experiment is to determine T1 values for the 1-azavinylidene 
methyl peaks in the NMR of 3. Since the major isomer methyl peak is saturated, the T1 
for the minor isomer methyl signal was determined through inversion recovery 
experiments to be 1.64 s. 
 
Given this T1, the D1 delay time plus the acquisition time was set constant to equal 5 T1 
(in this case 8.2 s), and steady state attenuation was reached using a saturation time of 12 
s, so these parameters were held constant for the data collection.  A new blank was then 
taken using a saturation pulse centered at 4 ppm to establish MoA.  Data was then 
collected with the saturation pulse centered at 1.78 ppm (Table I) allowing k, to be 
determined according to equation 1, and subsequently the ∆G‡, and t1/2 to be calculated 
using equations 2 and 3 respectively.  
 
     ∆!‡ = −!"#$ !"!!!!     (2) 
 
                                                                 !!/! = !.!"#!       (3) 
 
minor	methyl	integration	 k	 ∆G‡  t1/2	
0.857a n/a	 n/a	 n/a	
0.427	 0.614	 17.4	 1.13	
0.426	 0.617	 17.4	 1.12	
0.425	 0.620	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
Table I. Recorded integrations for the minor methyl signal and corresponding rate constants, 
activation barriers, and half-lives. 
aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	1.	
                                              (2) 
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0.426	 0.617	 17.4	 1.12	
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aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	1.	
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here k is the rate of interconversion, T1 is the spin relaxation time of the equivalent 
non-irradiated N R signal, MoA is the integration of the equivalent non-irradiated N R 
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The first necessity for this experiment is to determine T1 values for the 1-azavinylidene 
methyl peaks in the NMR of 3. Since the major isomer methyl peak is saturated, the T1 
for the minor isomer methyl signal was determined through inversion recovery 
experiments to be 1.64 s. 
 
Given this T1, the D1 delay time plus the acquisition time was set constant to equal 5 T1 
(in this case 8.2 s), and steady state attenuation was reached using a saturation time of 12 
s, so these parameters were held constant for the data collection.  A new blank was then 
taken using a saturation pulse centered at 4 ppm to establish MoA.  Data was then 
collected with the saturation pulse centered at 1.78 ppm (Table I) allowing k, to be 
determined according to equation 1, and subsequently the ∆G‡, and t1/2 to be calculated 
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Table I. Recorded integrations for the minor methyl signal and corresponding rate constants, 
activation barriers, and half-lives. 
aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	1.	
      (4) 
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minor	methyl	integration	 k	 ∆G‡  t1/2	
0.857a n/a	 n/a	 n/a	
0.427 0.614 17.4 1.13 
0.426 0.617 17.4 1.12 
0.425 0.620 17.4 1.12 
0.426 0.617 17.4 1.12 
0.426 0.617 17.4 1.12 
Table 2.1. Recorded integrations for the minor methyl signal and  
corresponding rate constants, activation barriers, and half-lives. 
aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	2.	
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Figure 2.22. ORTEP diagram of 2. 
 
Table 2.2. Crystal data and structure refinement for 2.  
Identification code  x1509003  
Empirical formula  C21H29B2Cl2F4N7OW  
Formula weight  747.88  
Temperature/K  100  
Crystal system  triclinic  
Space group  P-1  
a/Å  11.4940(2)  
b/Å  11.7784(2)  
c/Å  12.1042(2)  
α/°  69.1200(10)  
β/°  76.6510(10)  
γ/°  65.4140(10)  
Volume/Å3  1385.66(4)  
Z  2  
ρcalcg/cm3  1.792  
µ/mm-1  9.999  
F(000)  732.0  
Crystal size/mm3  0.244 × 0.077 × 0.038  
Radiation  CuKα (λ = 1.54178)  
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2Θ range for data collection/°  7.854 to 140.148  
Index ranges  -14 ≤ h ≤ 14, -14 ≤ k ≤ 14, -14 ≤ l ≤ 14  
Reflections collected  34589  
Independent reflections  5118 [Rint = 0.0378, Rsigma = 0.0214]  
Data/restraints/parameters  5118/0/350  
Goodness-of-fit on F2  1.135  
Final R indexes [I>=2σ (I)]  R1 = 0.0249, wR2 = 0.0615  
Final R indexes [all data]  R1 = 0.0263, wR2 = 0.0621  
Largest diff. peak/hole / e Å-3  2.05/-0.66  
 
 
Table 2.3. Bond Lengths for 2. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 N2 2.233(3)   C12 C16 1.493(5) 
W1 N11 2.214(3)   C13 C14 1.383(5) 
W1 N18 2.147(3)   C14 C15 1.496(5) 
W1 C24 2.027(4)   N17 N18 1.378(4) 
W1 C25 2.056(3)   N17 C21 1.344(4) 
W1 C26 1.969(3)   N18 C19 1.352(4) 
W1 N28 2.120(3)   C19 C20 1.382(5) 
N2 N3 1.373(4)   C19 C23 1.497(5) 
N2 C6 1.347(4)   C20 C21 1.379(5) 
N3 C4 1.348(4)   C21 C22 1.492(5) 
N3 B9 1.532(5)   C24 C25 1.291(5) 
C4 C5 1.380(5)   C26 O27 1.149(4) 
C4 C8 1.498(5)   N28 C29 1.139(5) 
C5 C6 1.401(5)   C29 C30 1.452(5) 
C6 C7 1.496(5)   B31 F32 1.384(5) 
B9 N10 1.552(4)   B31 F33 1.373(5) 
B9 N17 1.542(5)   B31 F34 1.369(5) 
N10 N11 1.383(4)   B31 F35 1.395(5) 
N10 C14 1.346(4)   C36 Cl37 1.755(5) 
N11 C12 1.354(4)   C36 Cl38 1.773(5) 
C12 C13 1.391(5)         
 
Table 2.4. Bond Angles for 2. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N11 W1 N2 80.53(10)   C14 N10 B9 129.5(3) 
N18 W1 N2 89.00(10)   C14 N10 N11 109.6(3) 
N18 W1 N11 79.42(10)   N10 N11 W1 119.1(2) 
C24 W1 N2 82.92(12)   C12 N11 W1 133.9(2) 
C24 W1 N11 162.87(13)   C12 N11 N10 106.7(3) 
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C24 W1 N18 95.96(13)   N11 C12 C13 109.2(3) 
C24 W1 C25 36.87(15)   N11 C12 C16 123.4(3) 
C24 W1 N28 99.65(13)   C13 C12 C16 127.5(3) 
C25 W1 N2 119.51(13)   C14 C13 C12 106.6(3) 
C25 W1 N11 159.96(13)   N10 C14 C13 108.0(3) 
C25 W1 N18 99.98(13)   N10 C14 C15 123.5(3) 
C25 W1 N28 98.75(13)   C13 C14 C15 128.5(3) 
C26 W1 N2 169.72(13)   N18 N17 B9 120.5(3) 
C26 W1 N11 90.41(13)   C21 N17 B9 128.5(3) 
C26 W1 N18 94.14(13)   C21 N17 N18 109.8(3) 
C26 W1 C24 106.44(15)   N17 N18 W1 120.0(2) 
C26 W1 C25 69.60(15)   C19 N18 W1 133.8(2) 
C26 W1 N28 91.37(13)   C19 N18 N17 106.2(3) 
N28 W1 N2 82.70(10)   N18 C19 C20 109.7(3) 
N28 W1 N11 82.63(11)   N18 C19 C23 122.9(3) 
N28 W1 N18 161.24(11)   C20 C19 C23 127.4(3) 
N3 N2 W1 119.4(2)   C21 C20 C19 106.4(3) 
C6 N2 W1 133.5(2)   N17 C21 C20 107.9(3) 
C6 N2 N3 106.6(3)   N17 C21 C22 121.9(3) 
N2 N3 B9 119.0(3)   C20 C21 C22 130.1(3) 
C4 N3 N2 110.5(3)   C25 C24 W1 72.8(2) 
C4 N3 B9 130.1(3)   C24 C25 W1 70.3(2) 
N3 C4 C5 107.3(3)   O27 C26 W1 175.9(3) 
N3 C4 C8 123.3(3)   C29 N28 W1 173.8(3) 
C5 C4 C8 129.3(3)   N28 C29 C30 178.1(4) 
C4 C5 C6 106.5(3)   F32 B31 F35 110.5(4) 
N2 C6 C5 109.1(3)   F33 B31 F32 109.4(4) 
N2 C6 C7 124.4(3)   F33 B31 F35 110.0(3) 
C5 C6 C7 126.5(3)   F34 B31 F32 108.7(4) 
N3 B9 N10 109.6(3)   F34 B31 F33 109.9(4) 
N3 B9 N17 109.5(3)   F34 B31 F35 108.3(4) 
N17 B9 N10 106.9(3)   Cl37 C36 Cl38 110.7(3) 
N11 N10 B9 120.2(3)           
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Figure	2.23.	ORTEP	diagram	of	3.	
 
Table 2.5. Crystal data and structure refinement for 3.  
Identification code  x1412001  
Empirical formula  C20H28BN7OW  
Formula weight  577.15  
Temperature/K  100  
Crystal system  triclinic  
Space group  P-1  
a/Å  9.9474(6)  
b/Å  10.1924(6)  
c/Å  12.0642(8)  
α/°  91.531(5)  
β/°  104.687(4)  
γ/°  108.251(4)  
Volume/Å3  1116.15(12)  
Z  2  
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ρcalcg/cm3  1.717  
µ/mm-1  9.797  
F(000)  568.0  
Crystal size/mm3  0.142 × 0.137 × 0.055  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  7.626 to 140.26  
Index ranges  -12 ≤ h ≤ 11, -12 ≤ k ≤ 12, -14 ≤ l ≤ 13  
Reflections collected  20272  
Independent reflections  4079 [Rint = 0.0872, Rsigma = 0.0682]  
Data/restraints/parameters  4079/0/278  
Goodness-of-fit on F2  1.033  
Final R indexes [I>=2σ (I)]  R1 = 0.0521, wR2 = 0.1347  
Final R indexes [all data]  R1 = 0.0629, wR2 = 0.1414  
Largest diff. peak/hole / e Å-3  2.71/-2.05  
 
Table 2.6. Bond Lengths for 3. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 C1 2.104(8)   N12 B15 1.547(10) 
W1 C2 2.123(9)   B15 N20 1.560(10) 
W1 C3 1.931(8)   B15 N27 1.526(12) 
W1 N5 1.892(8)   N16 C17 1.350(10) 
W1 N8 2.257(7)   N16 N20 1.354(9) 
W1 N16 2.239(6)   C17 C18 1.377(12) 
W1 N23 2.252(7)   C17 C21 1.493(11) 
C1 C2 1.247(13)   C18 C19 1.386(12) 
C3 O4 1.181(10)   C19 N20 1.350(10) 
N5 C6 1.271(12)   C19 C22 1.502(11) 
C6 C7 1.490(13)   N23 C24 1.339(10) 
N8 C9 1.348(10)   N23 N27 1.391(9) 
N8 N12 1.360(9)   C24 C25 1.394(12) 
C9 C10 1.401(13)   C24 C28 1.503(11) 
C9 C13 1.474(12)   C25 C26 1.349(13) 
C10 C11 1.363(12)   C26 N27 1.375(10) 
C11 N12 1.323(10)   C26 C29 1.523(12) 
C11 C14 1.507(13)         
 
Table 2.7. Bond Angles for 3. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C1 W1 C2 34.3(4)   N12 C11 C10 108.2(8) 
C1 W1 N8 83.9(3)   N12 C11 C14 121.4(8) 
C1 W1 N16 156.9(3)   N8 N12 B15 119.4(6) 
C1 W1 N23 86.9(3)   C11 N12 N8 110.8(6) 
	 63	
C2 W1 N8 118.1(3)   C11 N12 B15 129.6(7) 
C2 W1 N16 157.2(3)   N12 B15 N20 109.8(6) 
C2 W1 N23 91.1(3)   N27 B15 N12 109.9(7) 
C3 W1 C1 104.8(4)   N27 B15 N20 106.2(6) 
C3 W1 C2 70.5(4)   C17 N16 W1 131.6(5) 
C3 W1 N8 171.2(3)   C17 N16 N20 107.2(6) 
C3 W1 N16 91.8(3)   N20 N16 W1 121.2(5) 
C3 W1 N23 94.7(3)   N16 C17 C18 109.1(7) 
N5 W1 C1 104.8(3)   N16 C17 C21 123.3(8) 
N5 W1 C2 103.3(3)   C18 C17 C21 127.6(8) 
N5 W1 C3 90.5(3)   C17 C18 C19 106.7(7) 
N5 W1 N8 85.8(3)   C18 C19 C22 129.0(8) 
N5 W1 N16 90.8(3)   N20 C19 C18 107.0(7) 
N5 W1 N23 165.6(3)   N20 C19 C22 124.0(7) 
N16 W1 N8 80.2(2)   N16 N20 B15 120.5(6) 
N16 W1 N23 75.7(2)   C19 N20 B15 129.3(7) 
N23 W1 N8 87.1(2)   C19 N20 N16 110.1(6) 
C2 C1 W1 73.7(6)   C24 N23 W1 134.8(6) 
C1 C2 W1 72.0(6)   C24 N23 N27 105.8(7) 
O4 C3 W1 176.8(7)   N27 N23 W1 119.2(5) 
C6 N5 W1 169.8(7)   N23 C24 C25 110.9(7) 
N5 C6 C7 124.5(9)   N23 C24 C28 122.8(8) 
C9 N8 W1 131.9(6)   C25 C24 C28 126.3(7) 
C9 N8 N12 106.3(7)   C26 C25 C24 106.0(7) 
N12 N8 W1 121.3(5)   C25 C26 N27 108.8(7) 
N8 C9 C10 108.6(8)   C25 C26 C29 130.2(8) 
N8 C9 C13 123.2(8)   N27 C26 C29 120.9(8) 
C10 C9 C13 128.2(8)   N23 N27 B15 120.5(7) 
C11 C10 C9 106.1(7)   C26 N27 B15 129.8(7) 
C10 C11 C14 130.3(8)   C26 N27 N23 108.5(7) 
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Figure 2.24. ORTEP diagram of 5. 
Table 2.8. Crystal data and structure refinement for 5.  
Identification code  x1506011  
Empirical formula  C30H49BF6N8O7S2W  
Formula weight  1006.55  
Temperature/K  100  
Crystal system  triclinic  
Space group  P-1  
a/Å  8.1886(3)  
b/Å  12.4277(4)  
c/Å  20.3819(7)  
α/°  83.5274(19)  
β/°  78.803(2)  
γ/°  89.4183(19)  
Volume/Å3  2021.58(12)  
Z  2  
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ρcalcg/cm3  1.654  
µ/mm-1  6.976  
F(000)  1012.0  
Crystal size/mm3  0.257 × 0.073 × 0.034  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  4.448 to 133.268  
Index ranges  -8 ≤ h ≤ 9, -14 ≤ k ≤ 14, -24 ≤ l ≤ 24  
Reflections collected  24402  
Independent reflections  6891 [Rint = 0.0370, Rsigma = 0.0351]  
Data/restraints/parameters  6891/43/549  
Goodness-of-fit on F2  1.051  
Final R indexes [I>=2σ (I)]  R1 = 0.0431, wR2 = 0.1103  
Final R indexes [all data]  R1 = 0.0485, wR2 = 0.1143  
Largest diff. peak/hole / e Å-3  0.93/-0.91  
 
Table 2.9. Bond Lengths for 5. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 C2 1.955(6)   N26 C29 1.342(7) 
W1 C4 2.059(6)   C27 C28 1.375(9) 
W1 C5 2.019(6)   C27 C30 1.488(9) 
W1 N6 2.191(5)   C28 C29 1.381(9) 
W1 N11 2.158(4)   C29 C31 1.501(9) 
W1 N18 2.221(4)   N48 C49 1.493(5) 
W1 N25 2.235(4)   N48 C51 1.493(5) 
C2 O3 1.164(8)   N48 C53 1.492(5) 
C4 C5 1.282(10)   N48 C55 1.495(5) 
N6 C7 1.471(8)   N48 C57 1.499(5) 
N6 C8 1.303(9)   N48 C58 1.499(5) 
C8 C9 1.487(10)   N48 C59 1.497(5) 
B10 N12 1.539(7)   N48 C60 1.499(5) 
B10 N19 1.533(7)   C49 C50 1.497(5) 
B10 N26 1.539(8)   C51 C52 1.495(5) 
N11 N12 1.380(6)   C53 C54 1.494(5) 
N11 C13 1.345(7)   C55 C56 1.492(5) 
N12 C0AA 1.338(7)   S32 O33 1.395(5) 
C13 C14 1.369(9)   S32 O34 1.383(7) 
C13 C16 1.503(9)   S32 O35 1.411(6) 
C14 C0AA 1.393(9)   S32 C36 1.798(10) 
C0AA C17 1.485(9)   C36 F37 1.324(12) 
N18 N19 1.375(6)   C36 F38 1.325(13) 
N18 C20 1.343(7)   C36 F39 1.279(12) 
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N19 C22 1.350(7)   S40 O41 1.410(9) 
C20 C21 1.382(9)   S40 O42 1.383(7) 
C20 C23 1.491(9)   S40 O43 1.411(5) 
C21 C22 1.392(9)   S40 C44 1.771(10) 
C22 C24 1.485(9)   C44 F45 1.226(14) 
N25 N26 1.371(6)   C44 F46 1.246(13) 
N25 C27 1.355(7)   C44 F47 1.290(9) 
 
Table 2.10. Bond Angles for 5. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
C2 W1 C4 70.4(3)   N19 C22 C24 122.5(6) 
C2 W1 C5 106.9(3)   C21 C22 C24 130.2(5) 
C2 W1 N6 94.7(2)   N26 N25 W1 119.6(3) 
C2 W1 N11 94.0(2)   C27 N25 W1 133.5(4) 
C2 W1 N18 168.7(2)   C27 N25 N26 106.8(4) 
C2 W1 N25 85.7(2)   N25 N26 B10 120.1(4) 
C4 W1 N6 99.2(3)   C29 N26 B10 130.2(5) 
C4 W1 N11 100.5(2)   C29 N26 N25 109.7(4) 
C4 W1 N18 120.9(2)   N25 C27 C28 109.0(5) 
C4 W1 N25 156.1(2)   N25 C27 C30 124.0(6) 
C5 W1 C4 36.6(3)   C28 C27 C30 127.1(6) 
C5 W1 N6 99.2(2)   C27 C28 C29 106.9(5) 
C5 W1 N11 95.3(2)   N26 C29 C28 107.6(5) 
C5 W1 N18 84.4(2)   N26 C29 C31 123.4(5) 
C5 W1 N25 167.2(2)   C28 C29 C31 129.0(5) 
N6 W1 N18 83.53(18)   C49 N48 C51 116.1(17) 
N6 W1 N25 81.67(18)   C49 N48 C55 112.8(11) 
N11 W1 N6 160.15(18)   C51 N48 C55 94.9(4) 
N11 W1 N18 84.50(16)   C53 N48 C49 119.1(18) 
N11 W1 N25 81.20(16)   C53 N48 C51 106.2(12) 
N18 W1 N25 83.02(16)   C53 N48 C55 104.6(11) 
O3 C2 W1 175.9(5)   C57 N48 C58 107(2) 
C5 C4 W1 70.0(4)   C59 N48 C57 137.5(17) 
C4 C5 W1 73.4(4)   C59 N48 C58 94.6(4) 
C7 N6 W1 118.6(5)   C59 N48 C60 94.5(4) 
C8 N6 W1 121.2(4)   C60 N48 C57 87(3) 
C8 N6 C7 120.2(6)   C60 N48 C58 147(4) 
N6 C8 C9 127.6(8)   N48 C49 C50 108.8(11) 
N19 B10 N12 109.6(4)   N48 C51 C52 125.1(14) 
N19 B10 N26 108.0(4)   N48 C53 C54 130.4(19) 
N26 B10 N12 107.9(4)   C56 C55 N48 119.1(10) 
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N12 N11 W1 120.2(3)   O33 S32 O35 115.3(5) 
C13 N11 W1 133.4(4)   O33 S32 C36 104.9(4) 
C13 N11 N12 106.3(4)   O34 S32 O33 113.6(5) 
N11 N12 B10 120.4(4)   O34 S32 O35 114.2(6) 
C0AA N12 B10 128.9(5)   O34 S32 C36 104.9(5) 
C0AA N12 N11 109.9(4)   O35 S32 C36 102.2(5) 
N11 C13 C14 110.1(5)   F37 C36 S32 110.1(8) 
N11 C13 C16 122.8(6)   F37 C36 F38 104.6(10) 
C14 C13 C16 127.1(5)   F38 C36 S32 111.1(7) 
C13 C14 C0AA 106.4(5)   F39 C36 S32 112.6(8) 
N12 C0AA C14 107.4(5)   F39 C36 F37 107.3(10) 
N12 C0AA C17 124.0(5)   F39 C36 F38 110.8(11) 
C14 C0AA C17 128.6(5)   O41 S40 O43 115.6(5) 
N19 N18 W1 119.0(3)   O41 S40 C44 104.5(6) 
C20 N18 W1 133.2(4)   O42 S40 O41 111.7(8) 
C20 N18 N19 107.1(4)   O42 S40 O43 115.4(5) 
N18 N19 B10 120.8(4)   O42 S40 C44 103.4(5) 
C22 N19 B10 129.6(5)   O43 S40 C44 104.5(4) 
C22 N19 N18 109.6(5)   F45 C44 S40 111.6(7) 
N18 C20 C21 109.5(6)   F45 C44 F46 105.5(12) 
N18 C20 C23 124.3(6)   F45 C44 F47 107.9(12) 
C21 C20 C23 126.2(6)   F46 C44 S40 112.5(11) 
C20 C21 C22 106.5(5)   F46 C44 F47 103.7(9) 
N19 C22 C21 107.3(5)   F47 C44 S40 115.0(6) 
 
Table 2.11. Atomic Occupancy for 5. 
Atom Occupancy   Atom Occupancy   Atom Occupancy 
C49 0.75   H49A 0.75   H49B 0.75 
C50 0.75   H50A 0.75   H50B 0.75 
H50C 0.75   C51 0.75   H51A 0.75 
H51B 0.75   C52 0.75   H52A 0.75 
H52B 0.75   H52C 0.75   C53 0.75 
H53A 0.75   H53B 0.75   C54 0.75 
H54A 0.75   H54B 0.75   H54C 0.75 
C55 0.75   H55A 0.75   H55B 0.75 
C56 0.75   H56A 0.75   H56B 0.75 
H56C 0.75   C57 0.25   H57A 0.25 
H57B 0.25   H57C 0.25   C58 0.25 
H58A 0.25   H58B 0.25   H58C 0.25 
C59 0.25   H59A 0.25   H59B 0.25 
H59C 0.25   C60 0.25   H60A 0.25 
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H60B 0.25   H60C 0.25       
 
 
Figure 2.25. ORTEP diagram of 6. 
 
Table 2.12. Crystal data and structure refinement for 6.  
Identification code  x1509011  
Empirical formula  C23H33BF3N7O4SW  
Formula weight  755.28  
Temperature/K  100.15  
Crystal system  triclinic  
Space group  P-1  
a/Å  8.0823(6)  
b/Å  12.4028(8)  
c/Å  14.5630(10)  
α/°  82.414(3)  
β/°  84.135(4)  
γ/°  89.855(3)  
Volume/Å3  1439.40(17)  
Z  2  
ρcalcg/cm3  1.743  
µ/mm-1  8.659  
F(000)  748.0  
Crystal size/mm3  0.197 × 0.094 × 0.019  
Radiation  CuKα (λ = 1.54178)  
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2Θ range for data collection/°  6.154 to 140.314  
Index ranges  -9 ≤ h ≤ 9, -15 ≤ k ≤ 15, -17 ≤ l ≤ 17  
Reflections collected  18550  
Independent reflections  5286 [Rint = 0.0274, Rsigma = 0.0238]  
Data/restraints/parameters  5286/258/426  
Goodness-of-fit on F2  1.121  
Final R indexes [I>=2σ (I)]  R1 = 0.0337, wR2 = 0.0848  
Final R indexes [all data]  R1 = 0.0353, wR2 = 0.0858  
Largest diff. peak/hole / e Å-3  1.47/-0.78  
 
 
Table 2.13. Bond Lengths for 6. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 C2 2.027(5)   C20 C21 1.489(8) 
W1 C3 2.020(5)   C20 C22 1.352(8) 
W1 C4 1.955(5)   C22 C23 1.383(7) 
W1 N6 2.185(5)   C23 C24 1.506(7) 
W1 N11 2.230(4)   N25 N26 1.375(5) 
W1 N18 2.222(4)   N25 C29 1.356(7) 
W1 N25 2.153(4)   N26 C27 1.344(7) 
C2 C3 1.297(8)   N26 B32 1.538(8) 
C4 O5 1.143(6)   C27 C28 1.370(8) 
N6 C7 1.295(8)   C27 C30 1.500(7) 
N6 C9 1.590(14)   C28 C29 1.386(8) 
N6 C9A 1.39(2)   C29 C31 1.490(8) 
C7 C8 1.406(11)   S101 O102 1.4453 
C9 C10 1.520(16)   S101 O103 1.4448 
C9A C10A 1.53(3)   S101 O104 1.4452 
N11 N12 1.385(5)   S101 C105 1.8512 
N11 C15 1.359(6)   C105 F106 1.3380 
N12 C13 1.343(7)   C105 F107 1.3386 
N12 B32 1.547(7)   C105 F108 1.3385 
C13 C14 1.378(9)   S201 O202 1.4454 
C13 C16 1.505(8)   S201 O203 1.4450 
C14 C15 1.382(7)   S201 O204 1.4451 
C15 C17 1.493(8)   S201 C205 1.8513 
N18 N19 1.372(5)   C205 F206 1.3385 
N18 C23 1.346(6)   C205 F207 1.3380 
N19 C20 1.350(6)   C205 F208 1.3389 
N19 B32 1.543(7)         
 
Table 2.14. Bond Angles for 6. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
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C2 W1 N6 98.37(19)   C20 N19 N18 110.1(4) 
C2 W1 N11 155.3(2)   C20 N19 B32 130.1(4) 
C2 W1 N18 121.4(2)   N19 C20 C21 122.2(5) 
C2 W1 N25 99.94(18)   N19 C20 C22 107.4(5) 
C3 W1 C2 37.4(2)   C22 C20 C21 130.4(5) 
C3 W1 N6 98.06(18)   C20 C22 C23 107.3(4) 
C3 W1 N11 167.12(18)   N18 C23 C22 109.3(4) 
C3 W1 N18 84.07(18)   N18 C23 C24 123.6(4) 
C3 W1 N25 95.61(18)   C22 C23 C24 127.0(5) 
C4 W1 C2 70.2(2)   N26 N25 W1 120.8(3) 
C4 W1 C3 107.5(2)   C29 N25 W1 132.6(3) 
C4 W1 N6 94.65(19)   C29 N25 N26 106.5(4) 
C4 W1 N11 85.12(17)   N25 N26 B32 120.6(4) 
C4 W1 N18 168.36(17)   C27 N26 N25 109.6(4) 
C4 W1 N25 92.87(18)   C27 N26 B32 129.4(4) 
N6 W1 N11 83.16(16)   N26 C27 C28 108.2(5) 
N6 W1 N18 84.85(16)   N26 C27 C30 123.3(5) 
N18 W1 N11 83.27(14)   C28 C27 C30 128.5(6) 
N25 W1 N6 161.63(16)   C27 C28 C29 106.7(5) 
N25 W1 N11 80.81(15)   N25 C29 C28 109.0(5) 
N25 W1 N18 84.42(14)   N25 C29 C31 123.4(5) 
C3 C2 W1 71.0(3)   C28 C29 C31 127.6(5) 
C2 C3 W1 71.6(3)   N19 B32 N12 108.1(4) 
O5 C4 W1 178.4(5)   N26 B32 N12 108.0(4) 
C7 N6 W1 120.8(5)   N26 B32 N19 109.6(4) 
C7 N6 C9 122.2(7)   O102 S101 C105 102.4 
C7 N6 C9A 115.2(11)   O103 S101 O102 115.5 
C9 N6 W1 116.6(6)   O103 S101 O104 115.5 
C9A N6 W1 121.9(10)   O103 S101 C105 102.4 
N6 C7 C8 131.2(8)   O104 S101 O102 115.5 
C10 C9 N6 110.5(9)   O104 S101 C105 102.4 
N6 C9A C10A 105.8(17)   F106 C105 S101 111.9 
N12 N11 W1 119.4(3)   F106 C105 F107 107.0 
C15 N11 W1 133.9(3)   F106 C105 F108 107.0 
C15 N11 N12 106.6(4)   F107 C105 S101 111.9 
N11 N12 B32 120.1(4)   F108 C105 S101 111.9 
C13 N12 N11 109.3(4)   F108 C105 F107 106.9 
C13 N12 B32 130.6(4)   O202 S201 C205 102.4 
N12 C13 C14 108.1(5)   O203 S201 O202 115.5 
N12 C13 C16 122.8(6)   O203 S201 O204 115.5 
C14 C13 C16 129.1(5)   O203 S201 C205 102.4 
C13 C14 C15 107.0(5)   O204 S201 O202 115.5 
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N11 C15 C14 108.9(5)   O204 S201 C205 102.4 
N11 C15 C17 123.9(4)   F206 C205 S201 111.9 
C14 C15 C17 127.2(5)   F206 C205 F208 106.9 
N19 N18 W1 120.3(3)   F207 C205 S201 111.9 
C23 N18 W1 133.6(3)   F207 C205 F206 107.0 
C23 N18 N19 105.8(4)   F207 C205 F208 107.0 
N18 N19 B32 119.7(4)   F208 C205 S201 111.9 
 
 
Table 2.15. Atomic Occupancy for 6. 
Atom Occupancy   Atom Occupancy   Atom Occupancy 
C9 0.622(16)   H9A 0.622(16)   H9B 0.622(16) 
C9A 0.378(16)   H9AA 0.378(16)   H9AB 0.378(16) 
C10 0.622(16)   H10A 0.622(16)   H10B 0.622(16) 
H10C 0.622(16)   C10A 0.378(16)   H10D 0.378(16) 
H10E 0.378(16)   H10F 0.378(16)   S101 0.574(6) 
O102 0.574(6)   O103 0.574(6)   O104 0.574(6) 
C105 0.574(6)   F106 0.574(6)   F107 0.574(6) 
F108 0.574(6)   S201 0.426(6)   O202 0.426(6) 
O203 0.426(6)   O204 0.426(6)   C205 0.426(6) 
F206 0.426(6)   F207 0.426(6)   F208 0.426(6) 
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Figure 2.26. ORTEP diagram of 7. 
Table 2.16. Crystal data and structure refinement for 7.  
Identification code  x1506003  
Empirical formula  C47H59B2F4N7O3W  
Formula weight  1051.48  
Temperature/K  100  
Crystal system  orthorhombic  
Space group  P212121  
a/Å  12.7179(11)  
b/Å  18.9078(17)  
c/Å  19.0535(17)  
α/°  90  
β/°  90  
	 73	
γ/°  90  
Volume/Å3  4581.7(7)  
Z  4  
ρcalcg/cm3  1.524  
µ/mm-1  5.217  
F(000)  2136.0  
Crystal size/mm3  0.245 × 0.19 × 0.163  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  6.586 to 144.854  
Index ranges  -15 ≤ h ≤ 15, -23 ≤ k ≤ 23, -23 ≤ l ≤ 23  
Reflections collected  80497  
Independent reflections  9018 [Rint = 0.0377, Rsigma = 0.0287]  
Data/restraints/parameters  9018/57/590  
Goodness-of-fit on F2  1.064  
Final R indexes [I>=2σ (I)]  R1 = 0.0223, wR2 = 0.0520  
Final R indexes [all data]  R1 = 0.0230, wR2 = 0.0524  
Largest diff. peak/hole / e Å-3  0.53/-0.38  
Flack parameter 0.003(3) 
 
Table 2.17. Bond Lengths for 7. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 N2 2.211(3)   C29 C42 1.550(5) 
W1 N9 2.192(3)   C30 C31 1.404(6) 
W1 N13 2.321(4)   C30 C35 1.388(6) 
W1 C24 2.180(4)   C31 C32 1.377(6) 
W1 C25 2.129(4)   C32 C33 1.377(7) 
W1 N26 1.754(4)   C33 C34 1.379(7) 
W1 C48 2.090(4)   C34 C35 1.393(6) 
N2 N3 1.376(5)   C36 C37 1.396(6) 
N2 C21 1.353(5)   C36 C41 1.384(6) 
N3 B4 1.529(6)   C37 C38 1.382(6) 
N3 C19 1.344(6)   C38 C39 1.367(7) 
B4 N5 1.541(5)   C39 C40 1.388(7) 
B4 N12 1.532(6)   C40 C41 1.385(6) 
N5 C6 1.357(5)   C42 C43 1.386(6) 
N5 N9 1.377(4)   C42 C47 1.397(6) 
C6 C7 1.378(6)   C43 C44 1.392(6) 
C6 C11 1.478(6)   C44 C45 1.376(6) 
C7 C8 1.396(6)   C45 C46 1.378(6) 
C8 N9 1.350(6)   C46 C47 1.384(6) 
C8 C10 1.490(6)   C48 O49 1.113(5) 
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N12 N13 1.388(5)   O60 C61 1.439(6) 
N12 C16 1.350(5)   O60 C64 1.436(6) 
N13 C14 1.356(5)   C61 C62 1.457(9) 
C14 C15 1.387(6)   C61 C66 1.548(10) 
C14 C18 1.492(6)   C62 C63 1.503(13) 
C15 C16 1.370(6)   C63 C64 1.533(12) 
C16 C17 1.497(6)   C64 C65 1.505(11) 
C19 C20 1.376(7)   C65 C66 1.506(12) 
C19 C23 1.498(6)   B50 F51 1.378(7) 
C20 C21 1.380(6)   B50 F52 1.348(7) 
C21 C22 1.494(6)   B50 F53 1.361(7) 
C24 C25 1.243(7)   B50 F54 1.392(7) 
N26 C27 1.431(5)   O55 C56 1.420(7) 
C27 C28 1.532(5)   O55 C59 1.440(7) 
C27 C29 1.587(5)   C56 C57 1.502(9) 
C29 C30 1.536(5)   C57 C58 1.526(9) 
C29 C36 1.557(5)   C58 C59 1.466(9) 
 
Table 2.18. Bond Angles for 7. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N2 W1 N13 78.03(13)   N2 C21 C20 109.4(4) 
N9 W1 N2 82.81(13)   N2 C21 C22 124.1(4) 
N9 W1 N13 84.57(12)   C20 C21 C22 126.2(4) 
C24 W1 N2 156.35(14)   C25 C24 W1 71.0(3) 
C24 W1 N9 115.17(15)   C24 C25 W1 75.5(3) 
C24 W1 N13 88.11(14)   C27 N26 W1 172.3(3) 
C25 W1 N2 159.26(15)   N26 C27 C28 108.4(3) 
C25 W1 N9 81.73(16)   N26 C27 C29 113.2(3) 
C25 W1 N13 86.80(14)   C28 C27 C29 115.0(3) 
C25 W1 C24 33.50(17)   C30 C29 C27 107.9(3) 
N26 W1 N2 95.65(14)   C30 C29 C36 111.4(3) 
N26 W1 N9 95.79(14)   C30 C29 C42 113.0(3) 
N26 W1 N13 173.59(14)   C36 C29 C27 110.1(3) 
N26 W1 C24 97.49(15)   C42 C29 C27 109.8(3) 
N26 W1 C25 99.59(15)   C42 C29 C36 104.6(3) 
N26 W1 C48 96.61(16)   C31 C30 C29 120.4(4) 
C48 W1 N2 84.73(15)   C35 C30 C29 121.9(4) 
C48 W1 N9 163.20(14)   C35 C30 C31 117.5(4) 
C48 W1 N13 81.86(14)   C32 C31 C30 121.5(4) 
C48 W1 C24 74.31(17)   C31 C32 C33 120.1(5) 
C48 W1 C25 107.24(17)   C32 C33 C34 119.6(4) 
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N3 N2 W1 120.6(3)   C33 C34 C35 120.4(5) 
C21 N2 W1 132.7(3)   C30 C35 C34 120.8(4) 
C21 N2 N3 106.4(3)   C37 C36 C29 118.4(4) 
N2 N3 B4 119.5(3)   C41 C36 C29 123.7(4) 
C19 N3 N2 109.7(4)   C41 C36 C37 117.8(4) 
C19 N3 B4 129.8(4)   C38 C37 C36 121.1(4) 
N3 B4 N5 109.4(3)   C39 C38 C37 120.8(4) 
N3 B4 N12 109.3(4)   C38 C39 C40 118.7(4) 
N12 B4 N5 108.6(3)   C41 C40 C39 121.0(4) 
C6 N5 B4 129.5(3)   C36 C41 C40 120.6(4) 
C6 N5 N9 110.2(3)   C43 C42 C29 121.9(4) 
N9 N5 B4 120.3(3)   C43 C42 C47 117.4(4) 
N5 C6 C7 107.5(4)   C47 C42 C29 120.6(4) 
N5 C6 C11 122.3(4)   C42 C43 C44 121.4(4) 
C7 C6 C11 130.2(4)   C45 C44 C43 120.3(4) 
C6 C7 C8 106.4(4)   C44 C45 C46 118.9(4) 
C7 C8 C10 126.3(4)   C45 C46 C47 120.9(4) 
N9 C8 C7 109.7(4)   C46 C47 C42 120.9(4) 
N9 C8 C10 123.8(4)   O49 C48 W1 176.3(4) 
N5 N9 W1 120.2(2)   C64 O60 C61 109.3(4) 
C8 N9 W1 132.1(3)   O60 C61 C62 109.2(7) 
C8 N9 N5 106.2(3)   O60 C61 C66 99.3(6) 
N13 N12 B4 120.0(3)   C61 C62 C63 98.3(9) 
C16 N12 B4 129.9(4)   C62 C63 C64 108.3(11) 
C16 N12 N13 110.0(3)   O60 C64 C63 102.1(7) 
N12 N13 W1 118.4(3)   O60 C64 C65 111.2(8) 
C14 N13 W1 136.0(3)   C64 C65 C66 93.1(9) 
C14 N13 N12 105.6(3)   C65 C66 C61 109.1(10) 
N13 C14 C15 109.8(4)   F51 B50 F54 109.2(5) 
N13 C14 C18 124.7(4)   F52 B50 F51 111.6(5) 
C15 C14 C18 125.5(4)   F52 B50 F53 110.6(6) 
C16 C15 C14 106.9(4)   F52 B50 F54 108.4(4) 
N12 C16 C15 107.8(4)   F53 B50 F51 106.6(5) 
N12 C16 C17 122.1(4)   F53 B50 F54 110.4(5) 
C15 C16 C17 130.1(4)   C56 O55 C59 108.5(5) 
N3 C19 C20 107.9(4)   O55 C56 C57 106.2(5) 
N3 C19 C23 123.2(4)   C56 C57 C58 103.3(6) 
C20 C19 C23 128.8(4)   C59 C58 C57 100.7(6) 
C19 C20 C21 106.6(4)   O55 C59 C58 108.0(5) 
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Table 2.19. Atomic Occupancy for 7. 
Atom Occupancy   Atom Occupancy   Atom Occupancy 
H61C 0.5   H61D 0.5   H61A 0.5 
H61B 0.5   C62 0.5   H62A 0.5 
H62B 0.5   C63 0.5   H63A 0.5 
H63B 0.5   H64A 0.5   H64B 0.5 
H64C 0.5   H64D 0.5   C65 0.5 
H65A 0.5   H65B 0.5   C66 0.5 
H66A 0.5   H66B 0.5       
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Chapter 3: The Formation of new C-C bonds Through the Oxidation and Dimerization 
of the 1-Azavinylidene Ligand 
 
3.1 Introduction: 
 Metal vinylidenes have been implicated as key intermediates in numerous catalytic 
and stoichiometric processes, and thorough studies of vinylidene ligand reactivities have 
been beautifully reviewed.1–4  This includes strategies for creating dinuclear complexes.  
These dinuclear complexes have provided insight into potential intermediates for various 
catalytic processes and they have also served as model complexes for biological systems 
containing multiple metals bridged by carbon. 
 The study of the nitrogenated counterparts of vinylidene ligands, namely, 1-
azavinylidenes (also known as metalloimines or ketiminates) has been more limited in scope.  
Recently, the prevalence of imine-supported catalyst systems has led to expanded studies of 
M-N-C ligands with various bond orders, 
including 1-azavinylidene ligands.  The redox 
activity of these ligands, which has proven to be 
an asset in catalysis,5 can also be used to 
promote bond formation in these nitrogen carbon multiple bond systems.  
 Much of the recent work in this area stems from the characterization of various redox 
states in bis(imino)pyridine ligand backbones.5–8  These ligand-based redox couples have 
been shown to form new C-C bonds, including dimer formation.9 Redox induced C-C bond 
M N C
R
R
M C C
R
R
1-azavinylidenevinylidene
Figure 3.1.  Vinylidene ligands vs. 1-
azavinylidene ligands. 
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formation has also been observed with other imine containing ligands such as dpp-BIAN,10 
linked pyridine imine ligands,11 and imino-phosphine ligands.12 
 Redox initiated C-C bond formation is also known for imine and nitrile ligands, often 
through radical-radical combinations.  These reactions form a variety of coupled products 
including metallacyclic and bridged compounds.  For imines, reduction with metallic 
reducing agents, resulting in radical coupling of the imine carbons, has been used to 
synthesize ethylenediamine derivatives through processes modeled after McMurry coupling13 
(Scheme 3.1. (a)).  These couplings have been used in organic chemistry for intramolecular 
coupling to build stereospecific piperazines14,15,16,17 (Scheme 3.1. (c)) and alkyldiamine17,18 
cyclic products (Scheme 3.1. (b)), as well as for intermolecular couplings to access complex 
ethylenediamines17,19 (Scheme 3.1. (b)).  This reactivity has also been used to create a variety 
of ethylenediamine metallacycles.20,2122 
N
R'
HR
2
NH
R R
HNR' R'
N
N
C
H
C
H
R
R
N
N R
R
H
H
(a)
(b)
(c)
Cat.
Cat.
O
R R
2
R
O O
RR R
Ti Ti
R
R R
R
Ti(III) - 2 Ti=O
Scheme 3.1. (a) A typical McMurry coupling promoted by titanium(III).  (b) Imine 
coupling to yield an ethylenediamine. (c) Imine coupling to form a piperazine ring. 
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 For nitriles the metallacyclic products are usually formed either by the coupling of 
two nitrogen bound nitriles through their beta carbons, forming 5-membered 
metallacycles,23,24 or by the addition of alkynes24, or even CO2,23 which insert to create 
analogous products. 
 Bridged complexes have been formed using zirconium,25 titanium,26,27 niobium,28 
tantalum28–30, molybdenum31,32, tungsten,33,34 iridium35 and germanium,36 and they reflect 
either the formation of diazavinylidene bridges25,31,32,35,37,38(Scheme 3.2(a)) or enediimido 
bridges26,29,30,33,39 (Scheme 3.2(b)).  In the case 
of the diazavinylidenes a new C-C single bond 
is formed.  These nitrile couplings implicate 
oxidation at the metal center leading to a radical 
at the nitrile β-carbon, which then couples to 
another equivalent of the radical species resulting in diazavinylidene dimers.  In the case of 
the enediimido compounds, a new C=C double bond is formed, reflecting reduction of the 
diazavinylidene bridge and simultaneous oxidation to a more favorable metal oxidation state 
at each end of the dimer.   
 Recently published work shows that addition of trityl cation to a tungsten (II) 1- 
azavinylidene 
complex with an 
ancillary alkyne 
ligand leads to 
radical-radical C-C 
bond formation at the 
W
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Scheme 3.2. (a) Bimetallic 
diazavinylidene bridge. (b) Bimetallic 
enediimido bridge. 
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β-carbon site of the 1-azavinylidene ligand, with trityl cation as both the oxidant and the 
coupling partner.40  This forms a tungsten (IV) imido cation with a trityl group bound to the 
β-carbon of the imido ligand as shown in equation 1.  Here we report that oxidation of the 1-
azavinylidene complex 1 with a simple oxidant leads to a dicationic bridged dimer. 
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3.2 Results: 	 When iodine is added to the acetylene 1-azavinylidene starting material 1, there is a 
rapid color change from orange to reddish-brown (equation 2).  The 1H NMR spectrum of the 
reaction showed half the starting material had formed a new complex and the other half had 
disproportionated to the previously reported monomeric nitrile and imine cationic 
complexes.40  The new complex maintains a chiral metal center as shown by unique Tpʹ 1H 
and 13C NMR signals for each of the three pyrazole rings.  A new signal in the 13C NMR 
spectrum appears at 76 ppm, in the range of chemical shifts reported for the β-carbon of 
W(IV) imido derivatives.40  In the 1H NMR spectrum of the new complex we observe a 
signal near 4.0 ppm, and the quartet for the 1-azavinylidene reagent 1 at 6 ppm has 
disappeared.  The splitting for the 
4.0 ppm signal, reproduced in 
figure 3.2(a), is a complex 
multiplet with at least ten lines 
indicative of second-order 
coupling.  The corresponding 1-
azavinylidene methyl signal 
doublet has been replaced by a 
distorted doublet near 1.0 ppm, 
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Figure 3.2. a) Expansion of the bridge proton signal. 
b) Expansion of the bridge methyl signal. 
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which also reflects second-order splitting (figure 3.2.(b)).  The COSY spectrum shows that 
these two signals couple to one another, and the HSQC and HMBC show that both of these 
signals couple to the 13C NMR signal at 76 ppm assigned to the β-carbon.  
 This complex was recrystallized by layering pentane over the methylene chloride 
reaction mixture.  Recrystallization yielded pure material suitable for elemental analysis and 
single crystal X-ray diffraction characterization.  The crystal structure (figure 3.3) reveals 
that this product is the result of radical dimerization through two 1-azavinylidene β-carbons.  
 In this dimer the W-N bond length of 1.753 Å and the W-N-C bond angle of 178.8 ° 
both indicate imido character for the bridge nitrogens. These parameters are analogous to 
those reported for [TpʹW(CO)(HCCH)(NCH(Me)(CPh2R)][BF4].40 
 The molecular inversion center in the middle of the newly formed C-C bond explains 
the observation of a single set of peaks for the Tpʹ and acetylene ligands in the NMR spectra 
since the two metal centers are enantiomeric.  This chemical equivalency due to the inversion 
Figure 3.3.  ORTEP drawing of the crystal structure for the dicationic dimer 2.  The 
hydrogens and counterions were omitted for clarity. 
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center also applies to the bridge proton and methyl signals, and the result is a single signal for 
each.  However, the second-order A3XA3ʹXʹ spin system of the bridge results in the complex 
second order splitting patterns seen in figure 3.2. 
 The inversion center also leads to a single CO stretching frequency for this complex.  
Oxidation of the metal center increases the CO stretching frequency of 2 to 2116 cm-1 from 
1888 cm-1 in the neutral monomer 1, analogous to observations from the trityl addition 
reaction. 	 Two new 1-azavinylidene species were synthesized for this study starting from the 
previously reported [TpʹW(CO)(PhCCH)(NCR)][X] (R = Me 3, Ph 4; X = BF4, OTf) 
species.41  Lithium triethylborohydride was added to the nitrile cations resulting in the 
formation of the 1-azavinylidene moieties as shown in equation 3.  For the phenylacetylene 
methylazavinylidene complex 5 the 1H NMR spectrum shows four conformational isomers, 
and shows just a single acetylene proton signal for each between 10.7 and 9.6 ppm.  The 1-
azavinylidene signals are also distinctive with the one-proton quartet signals between 6.4 to 
6.0 ppm, and the corresponding three-proton doublets upfield between 1.7 ppm and 1.0 ppm.  
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 The phenylacetylene phenylazavinylidene complex 6 also displays four 
conformational isomers, with a single acetylene proton signal for each.  Unlike the 
methylazavinylidenes, the 1-azavinylidene proton shows up as a singlet further downfield 
among the phenyl signals at 6.8 ppm.  This indicates the more electron-withdrawing 
character of the phenyl group as opposed to the methyl group.   
 In the IR spectra, the CO stretching frequency for these complexes appear at 1888 
cm-1 for the parent complex 1, and at 1885 cm-1 for the phenylacetylene methylazavinylidene 
5.  The CO stretching frequency for the phenylacetylene phenylazavinylidene complex 6 
occurs at 1900 cm-1, showing that the electron-withdrawing phenyl group leads to a more 
electron-poor metal center. 	 When we treated these two new 1-azavinylidene derivatives 5 and 6 with iodine at 
room temperature both undergo disproportionation to their respective imine and nitrile 
cations analogous to those shown in equation 2. 
	 We examined the reactivity of the trityl cation with our new derivatives.  Starting 
with the phenylacetylene methylazavinylidene complex 5, when trityl cation was added to 
the complex there was immediate color change from orange to olive green, indicating the 
clean formation of the trityl addition imido product.  This is analogous to the previously 
Figure 3.4.  Reactions of CPh3BF4 with various azavinylidene acetylene derivatives. 
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reported reactivity for the parent acetylene complex shown in figure 3.4.  The conversion of 
5 to 8 causes slight upfield shifts for the 1-azavinylidene quartet and doublet 1H NMR 
signals, and a significant upfield shift of the 13C NMR signal for the β-carbon.  The presence 
of only two isomers (resulting from the two possible phenylacetylene orientations) in the 
NMR spectrum indicates that this addition occurs with excellent diastereoselectivity, just as 
is seen in the case of the parent acetylene 7. 
 When trityl cation was added to the phenylacetylene phenylazavinylidene complex 6 
there was a rapid color change from orange to green and the 1H NMR spectrum shows the 
transformation of the azavinylidene complex to the nitrile cation and HCPh3 as seen in figure 
3.4 and analogous to reports in the literature for the neutral TpʹW(CO)(PhCCMe)(NCHPh).42  
	 By treating the three 1-azavinylidene alkyne complexes with base, we observe 
deprotonation of the alkyne ligand to form the anionic acetylide complexes shown in scheme 
3.3.  These complexes have been characterized by 1H and 13C NMR, but due to their 
sensitivity to air they have not been characterized by other methods.  Both 
Scheme 3.3. Deprotonation of alkyne to form the anionic acetylide complex. 
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methylazavinylidene complexes 9 and 10 display 1H NMR quartet and doublet signals 
representative of the 1-azavinylidene fragment, but the quartets are shifted substantially 
upfield to between 5.1 ppm and 4.5 ppm for the two isomers.  This upfield shift is also 
observed for the azavinylidene proton in the phenyl azavinylidene complex resulting in a 
singlet at 5.4 ppm, shifted upfield from 7 ppm. 
 For the acetylide methylazavinylidene complex 9, the acetylide proton also provides a 
diagnostic 1H NMR signal showing up as a singlet around 3.6 ppm for each of the two 
isomers.  The protons of the phenylacetylide groups in 10 and 11 are not shifted substantially 
from the phenylacetylene signals in the starting materials 5 and 6.   When I2 is added to the 
anionic 1-azavinylidene complexes at room temperature, a rapid color change from red to 
orange is observed.   
 For the methylazavinylidene dimers, 12 and 13, the 1H NMR spectrum of the orange 
solution shows up to 8 complex signals from 4.5 – 3.0 ppm that represent the bridge protons 
of the various diastereomers of the newly formed species (see scheme 3.4).  For the parent 
acetylide dimer 12, an equal number of singlets from 3.3 – 3.1 ppm corresponding to the 
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acetylide protons can also be observed.  Since there are 4 chiral centers in the dimeric 
complexes there are 16 possible combinations of R and S configurations to consider.  The 16 
possibilities are listed in figure 3.5, where they have been grouped into boxes for each NMR 
distinct diastereomer.  Within these boxes the red and blue colors represent enantiomers, 
which are indistinguishable by NMR.  There are also three categories that are distinguished 
by symmetry of the dimers, where the C2 and Ci symmetric dimers will display a single set of 
spectroscopic signatures for the two halves of the dimer, and each of the asymmetric dimers 
will display independent spectroscopic signals for each half of the dimer.  The asymmetric 
groups also contain arrangements that are related by a simple C2 rotation, making them  
Figure	 3.5.	The	16	different	stereocenter	combinations	 for	a	molecule	with	4	chiral	 centers	 grouped	 by	 equivalence	 (color	 within	 each	 box),	 enantiomer	(boxes),	and	symmetry	(rows).		
RRRR
SSSS
C2 Symmetry
RSSR
SRRS
Ci Symmetry
RRSS
SSRR
RSRS
SRSR
Asymmetric
RSSS
SRRR
SSSR
RRRS
RRSR
SSRS
RSRR
SRSS
	 90	
W
N N
N
C
B
H
N
N
CH3
W
NN
N
B
H
C
O
O
H CH3
H
S             S     S             R
W
N N
N
C
B
H
N
N
CH3
W
NN
N
B
H
O
C
O
H CH3
H
S             S     S             S
W
N N
N
C
B
H
N
N
CH3
W
NN
N
B
H
O
C
O
H3C H
H
S             S     R             S
W
N N
N
C
B
H
N
N
CH3
W
NN
N
B
H
C
O
O
H3C H
H
S             S     R             R
W
N N
N
C
B
H
N
N
H
W
NN
N
B
H
C
O
O
H CH3
H3C
S             R     S             R
W
N N
N
C
B
H
N
N
H
W
NN
N
B
H
O
C
O
H3C H
H3C
S             R     R             S
Symmetry element: C2 axis
Enantiomer: Yes R,R,R,R
Percentage of mixture: 1 %  
Bridge proton 1H NMR signals:
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Figure 3.6. List of the possible diastereomers formed by dimerization 
and the 1H NMR signals for the bridge protons of 12. 
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chemically the same molecule.  These dimers can then be 
assigned based on the coupling constants of the bridge 1H 
NMR proton signals for the methylazavinylidene dimers, 12 
and 13, by using the Karplus relationship to distinguish 
between structures which should contain anti and gauche 3JHH 
coupling values. There are 6 NMR distinguishable dimers 
possible for these coupling reactions and all of them are 
observed for the parent acetylide complex 12.  These 
conformations and their respective 1H NMR signals are shown 
in figure 3.6.  For the signals that appear identical, i.e. the 
R,R,R,R vs. the R,S,S,R, the larger contributor to the mixture 
was assigned to the dimer which has the higher statistical 
probability of forming based on the two rotational isomers for 
the acetylide monomers. This assumes that a major + major 
isomer coupling would be more likely than a major + minor 
coupling, which would be more likely than a minor + minor coupling (figure 3.7).		This	 is	an	attractive	 hypothesis,	 however,	 we	 do	 not	 have	 definitive	 confirmation	 of	 these	assignments.		  
 The selectivity was improved by varying the conditions, however, the selectivity was 
never as high as that seen for the dimerization of the neutral 1-azavinylidene 1 to 2.  By 
treating 9 with nitrobenzene at -78 °C only 4 observed isomers of 12, the R,R,R,R, the 
R,R,R,S, the R,S,S,R, and the R,S,R,S, are formed.   
Figure	3.7.	The	major	vs.	minor	isomers	of	9-
11.	
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 For the phenylacetylide methylazavinylidene complex 10, the addition of I2 at room 
temperature afforded 5 of the 6 possible isomers of 13.  By switching the oxidant to 
nitrobenzene, and adding it at -78 °C, the selectivity for this reaction was improved, resulting 
in only three diastereomers.  Since the bridge proton signals for this derivative look nearly 
identical to those for complex 12 shown in figure 3.5, they could be identified by the splitting 
patterns as the R,S,S,R, the R,R,R,S, and the R,S,R,S diastereomers.  
 The selectivity for the formation of phenylacetylide phenylazavinylidene dimer 14, 
was slightly better than the other derivatives, with only 3 NMR distinct diastereomers formed 
regardless of the reaction temperature or oxidant identity.  Due to the lack of a methyl group 
coupling partner, the bridge proton signals are more difficult to assign since the symmetric 
dimers appear as singlets. However, one of the three diastereomers is asymmetric with a 
small coupling 3JHH = 2.5 Hz which makes it possible to assign as the R,R,R,S diastereomer 
by invoking the Karplus relationship between coupling constant and dihedral angle. 
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3.3 Discussion: 
 The lone observed diastereomer of 2 is the S,S,R,R conformation, resulting from the 
coupling of two stereochemically opposite metal centers with the β-carbon methyl groups 
pointing into the Tpʹ rings (the minor rotamer for the starting material 1) to minimize steric 
bulk during the coupling process, as shown in Scheme 3.5. The pairing of opposite metal 
stereocenters to form this complex may rationalize the 50 % yield.  If a metal center 
encounters its enantiomer, then the dimeric complex will be formed.  If the two metal centers 
have the same stereochemistry then the encounter leads to disproportionation instead.  Given 
that the β-carbon coupling site is able to rotate to form the more favorable stereoisomer in 
trityl addition studies,40 it follows that the metal center chirality could dictate the 
stereochemistry of the bridge carbons.  Thus, it is an attractive hypothesis that joining 
incompatible metal centers (a 50 % chance) results in unstable dimers, which quickly 
disproportionate to the imine and nitrile cations shown in equation 2, accounting for the 50 % 
yield. 
 Since the 1H NMR spectrum displays complex second-order splitting patterns for the 
A3XA3ʹXʹ spin system of the bridge, simulations were run in order to probe the coupling 
constants that were observed for these signals. These signals were compared to simulated 
spectra using Spinworks3 software.  The simulation that provided the closest matches to the 
Scheme 3.5.  The proposed mechanism of coupling, leading to the dimer 2. 
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experimental spectrum used coupling constants of 3JXX’ = 10 Hz, 3JA3X = 6.8 Hz, 4JA3X’ = -0.2 
Hz, and 5JA3A3’ = 0 Hz.  The large 10 Hz vicinal coupling 
constant for the bridge protons is consistent with protons in the 
anti-conformation according to the Karplus relationship, and 
this is the same conformation observed in the crystal structure 
(see figure 3.3).  This serves as evidence that the anti-
conformation (shown in figure 3.8) is present in solution as 
well as in the solid state.  	 The absence of dimerization products and the observation of disproportionation 
products for the two phenylacetylene derivatives 5 and 6, are likely the result of steric factors 
making dimer formation less favorable both kinetically and thermodynamically.  Kinetically, 
the phenyl group of phenylacetylene makes the azavinylidene β-carbon less accessible, which 
raises the barrier to coupling, and additionally could slow the rotation of the β-carbon raising 
the barrier for the formation of the lowest energy dimers.  Thermodynamically, the increased 
sterics (particularly for the phenylazavinylidene complex 6) are likely to raise the energy of 
the dimeric products leading to inherently less stable species.   
 For the phenylazavinylidene complex 6 this transformation is also possibly the result 
of a 2-electron oxidation and release of a proton completed by half the material, protonating 
the remaining equivalent of azavinylidene to form the imine cation and leaving the oxidized 
Scheme	3.6.		Alternative	2	e-	oxidation	and	proton	transfer	decomposition	pathway.	
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complex as the nitrile cation (see scheme 3.6). 
 This pattern is continued in the trityl addition reaction.  For the two 
methylazavinylidene derivatives 1 and 5, the trityl addition at the β-carbon occurs quickly 
and diastereoselectively, implying that both reactions utilize the same mechanism.  Since the 
phenylacetylene phenyl ring is far from the addition site the steric factors do not seem to 
impact the reactivity.   
 The phenylazavinylidene derivative 6 shows markedly different reactivity to trityl 
cation from the other two complexes.  By rapidly undergoing hydride abstraction, the 
phenylazavinylidene demonstrates a process that depends on its willingness to be oxidized by 
2 electrons, similar to the disproportionation.  The hydride abstraction most likely occurs 
through a mechanism of oxidation followed by hydrogen atom transfer, which is also a net 2 
electron oxidation and proton loss.43  
 Electrochemistry data for the neutral azavinylidene complexes 1, 5, and 6, supports 
Figure 3.9. Cyclic voltammograms for complexes 1, 5, and 6 vs. Fc/Fc+. 
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these proposed mechanisms (see figure 3.9).  The acetylene methyl azavinylidene 1 was the 
most difficult to oxidize of the three, followed by the phenylacetylene methyl azavinylidene 
5, and the phenylacetylene phenyl azavinylidene 6 was the most easily oxidized.  By plotting 
the scan rate dependence of the peak intensity and using the Randles-Sevcik equation, a 
diffusion coefficient was calculated for acetylene methyl azavinylidene 1.44   The value of the 
diffusion coefficient of 1.05 x 10-5 cm2/s indicated that the observed wave was most likely a 
one-electron oxidation. The one-electron oxidation assignment was confirmed by comparing 
the diffusion coefficient value to the diffusion coefficient derived from a diffusion ordered 
spectroscopy (DOSY) NMR experiment, which is independent of oxidation process 
mechanisms.  The similarity in the values derived from the two experiments confirmed the 
assignment of a one-electron wave.   The bisphenyl complex 6 also displayed a clear second 
oxidation that occurs between the oxidation potentials of the other two complexes 1 and 5.  
This second visible oxidation is consistent with the possible 2-electron oxidation mechanism 
postulated above for the disproportionation to imine and nitrile complexes with the addition 
of oxidant as well as the hydride abstraction by trityl cation. 
 The removal of an alkyne proton with base to form the acetylide complexes destroys 
the 3-center-4-electron bonding scheme involving the π-system of the alkyne and the 
nitrogen lone pair donating into the same vacant dπ orbital (see figure 3.10).  This interaction 
plays a large role in the regioselectivity of the η2-alkyne 1-azavinylidene systems.40,45  For 
the 1-azavinylidene complexes the loss of this delocalized bonding scheme results in the 
upfield shift of the azavinylidene proton signal, which shifts by over 1 ppm for all three 
derivatives.  Once the alkyne π-system donation is removed through deprotonation of the 
alkyne and the acetylide ligand is formed, the metal center requires the full donation of the 
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nitrogen lone pair in order to satisfy the 18-electron formalism (figure 3.11).  This results in a 
relatively electron poor 1-azavinylidene proton, causing the upfield shift of the corresponding 
signal.  A spin saturation NMR experiment was used to establish the rotational barrier for the 
1-azavinylidene ligand of the parent 
acetylide complex 9 as 17.8 kcal/mol.  This 
value is only slightly elevated from the 1-
azavinylidene rotational barrier for the 
neutral acetylene complex 1 of 17.4 
kcal/mol reported in chapter 2.  The increase 
in this barrier may also reflect additional 
donation from the 1-azavinylidene ligand to 
the metal center, which more firmly locks 
the ligand π-system and hinders rotation. 	 Dimerization of the three anionic 
acetylide complexes 9-11 upon oxidation 
appears to be much more favorable than for 
their neutral counterparts, 1, 5, and 6.  The 
conversion to the neutral dimers 12-14 
increases to around 80 % versus 50 % 
conversion for the neutral 1-azavinylidene 1 
to 2.  Additionally, the array of 
diastereomers formed is also evidence for 
the improved stability of the neutral diimido 
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Figure 3.10. dπ interactions for 1,5, and 6.  
The dxy shows the 3-center-4-electron bonding 
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bridged dimeric products 12-14.  This is particularly true for the phenylacetylene derivatives 
5 and 6, which we were unable to be dimerized prior to deprotonation. 
 Since all of the diastereomeric dimers are more accessible for the anionic monomers, 
the parameters that dictate diastereomer selectivity are different than in the case of the 
dicationic dimer 2.  For 2, the coupling process selected for the minimum steric conflict for 
the coupling process and for the final product.  Conversely, for the I2 initiated dimerization of 
the acetylide methylazavinylidene monomer 9, dimer formation seems to be dictated by 
multiple factors, which are as of yet unable to be deconvoluted.  Since it is difficult to 
deconvolute these factors, we hypothesize that the major diastereomers result from the 
couplings with the least amount of β-carbon rearrangement required.   The diastereomers that 
would result from both halves of the dimer being in the minor isomer position at the β-carbon 
are the smallest contributors to the mixture, providing support for this hypothesis. 
 By switching the oxidant from iodine to nitrobenzene and reducing the reaction 
temperature to -78 °C, the selectivity of the dimerization was improved for both of the 
methylazavinylidene derived dimers 12 and 13.  For 12 the new conditions select for the 
R,R,R,R, the R,R,R,S, the R,S,S,R, and the R,S,R,S diastereomers.  The rationale for this 
enhancement in selectivity is not yet clear, but experiments are being undertaken to further 
elucidate this mechanism.  The temperature of the reaction is not the primary factor since the 
same selectivity is also seen upon room temperature addition of nitrobenzene.  The room 
temperature reaction does however lead to slightly more decomposition of the starting 
material. 
 For the phenylacetylide methylazavinylidene derived dimer 13, the signals observed 
for the dimer bridge protons look nearly identical to those of 12 shown in figure 3.6.   By 
	 99	
switching to the nitrobenzene oxidant at low temperature from the room temperature addition 
of I2, the selectivity is improved and instead of 5 diastereomers, only 3 are observed.  The 
diastereomers formed in this case are the R,S,S,R, the R,R,R,S, and the R,S,R,S.  Since these 
are the same three as the major isomers for the parent acetylide dimer 12, it is likely that the 
factors dictating the selectivity are the same for both systems.  It may be that the change in 
sterics at the acetylide β-site could be the difference between 3 observed diastereomers for 13 
and 4 diastereomers for 12. 	 Lastly, the phenylacetylide phenylazavinylidene derived dimer 14, sees no 
enhancement in selectivity when the oxidant is changed.  One possible explanation for this is 
that the increased sterics in this system restrain the reactivity such that only certain 
configurations at the β-carbons can be formed.  Since the one identifiable diastereomer (the 
asymmetric R,R,R,S) has enantiomerically paired central carbons, it is attractive to 
hypothesize that all three dimers formed might also have the same β-carbon configuration.  
This configuration could be the result of π-stacking of the two β-carbon phenyl rings as the 
two molecules come together to form the dimer shown in scheme 3.7.  This added stability in 
the coupling process could be the limiting factor in the formation of the bisphenyl dimers.  
This proposal is in agreement with the observation of two symmetric dimers in addition to 
the observed asymmetric dimer.  Unfortunately, it is impossible to assign the identities of the 
symmetric dimers from the	bridge proton singlets.	
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	 Since electrophile addition has been reported at the 1-azavinylidene β-carbon for 
systems lacking a 3-center-4-electron bonding scheme shown in figure 3.10,45 there is greater 
ambiguity in the possible mechanisms for reaching the dimeric species.  Unfortunately, the 
electrochemisty of the anionic monomers 9-11 was not sufficiently well behaved to be useful 
in determining the mechanism of dimerization.  Despite this, the oxidation and radical-radical 
combination still seems to be the most likely route based on literature precedent.  
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3.4 Conclusion: 
 By adding oxidants to the 1-azavinylidene complexes we are able to observe the 
formation of new bridged diimidoethylene dimers with chiral metal centers on either end.  
For the neutral 1-azavinylidene acetylene complex 1 this transformation occurs 
diastereoselectively, with only the most sterically favored isomer formed.  The 
phenylacetylene 1-azavinylidene derivatives, complexes 5 and 6, did not undergo this 
transformation perhaps due to the increased sterics, and they disproportionated to their 
respective nitrile and imine cations upon oxidation.  When the three alkyne 1-azavinylidene 
complexes 1, 5, and 6 were deprotonated at the alkyne to form the anionic acetylide 1-
azavinylidene complexes 9-11 then oxidative dimerization became more facile, with the 
formation of multiple diastereomers for all three of the complexes.  They were oxidized by 
nitrobenzene as well as by I2 and formed the dimeric complexes 12-14. 
	 102	
 
3.5 Experimental: 
 All experiments were performed under a dry argon atmosphere using standard 
Schlenk techniques or in an MBraun UNILab glovebox. Sigma-Aldrich reagents were used 
without further purification. Infrared spectra were collected in dichloromethane or THF 
solutions on an ASI ReactIR 1000. NMR experiments were conducted on the Bruker 
AVANCEIII500 500 MHz spectrometer or the Bruker Ultrashield AVANCEIII600 600 MHz 
spectrometer. Elemental analyses were performed by Robertson Microlit Laboratories in 
Ledgewood, NJ.  Complexes 1,40 3,46 4,46 and 740 were synthesized as previously reported.  	
Synthesis of [(TpʹW(CO)(HCCH))2(µ-NCH(CH3)CH(CH3)N-)][I3]2 (2) 
 In a vial in the glovebox, 83 mg of 1 (0.14 mmol) was dissolved in 5 mL of 
dichloromethane and 55 mg of I2 (0.21 mmol, 1.5 eq) was added.  The solution changed color 
rapidly from orange to dark brown.  The solution was layered with 1 mL of pentane and 
placed in the freezer overnight.  Dark brown crystals were collected the next day (88 mg, 64 
%). IR (CH2Cl2, cm-1): νCO 2116. 1H NMR (CD2Cl2, ppm): 10.72, 8.96 (HC≡CH), 6.34, 6.21, 
5.68 (Tp′CH), 3.94 (NCH(CH3)CH(CH3)N, m), 2.65, 2.51, 2.43, 2.42, 2.26, 1.96 (Tp′CCH3), 
0.94 (NCH(CH3)CH(CH3)N, d). 13C NMR (CD2Cl2, ppm): 201.7 (CO), 153.9, 152.9, 152.7, 
148.2, 148.0, 147.2 (Tp′CCH3), 124.8 (HC≡CH), 123.1 (HC≡CH), 110.0, 109.2, 109.0 
(Tp′CH), 76.3 (NCH(CH3)CH(CH3)N), 18.8, 17.9, 17.1, 13.3, 13.0, 13.0 (Tp′CCH3), 15.6 
(NCH(CH3)CH(CH3)N). Anal. Calcd for W2C40H56N14O2B2I6: C, 25.08; H, 2.95; N, 10.24. 
Found: C, 25.18; H, 2.72; N, 9.97. 
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Synthesis of TpʹW(CO)(PhCCH)(NCHCH3) (5) 
 In a Schlenk flask under argon, a solution of 170 mg of 3 in THF was cooled to -78 
°C in a dry ice acetone bath.  Then 0.30 mL of a 1.0 M solution of lithium 
triethylborohydride in THF was added slowly to the stirring blue solution, turning it orange.  
The flask was removed from the cold bath and allowed to continue stirring for 30 min before 
the solvent was removed under vacuum on the Schlenk line.  The brownish orange solid was 
then dissolved in toluene and placed on a 5 % TEA treated alumina column.  A bright orange 
band was eluted with toluene and the solvent was removed to yield 30 mg (22 %) of a bright 
orange solid. IR (CH2Cl2, cm-1): νCO 1885. 1H NMR (CD2Cl2, ppm): 4 isomers, major only: 
10.67 (HC≡CPh), 7.07, 6.47 (HC≡CPh, 3H, m, 2H, d), 6.16 (NCHCH3, q), 5.92, 5.80, 5.64 
(Tp′CH), 2.70, 2.53, 2.42, 2.37, 1.84, 1.61 (Tp′CCH3), 1.77 (NCHCH3, d). 13C NMR 
(CD2Cl2, ppm): 232.2 (CO), 165.6 (NCHCH3), 152.4, 152.2, 151.7, 144.6, 144.4, 144.3 
(Tp′CCH3), 144.9 (HC≡CPh), 136.7 (HC≡CPh), 129.2, 128.1, 127.0, 125.6 (HC≡CPh), 
107.7, 107.0, 106.7 (Tp′CH), 18.7 (NCHCH3), 15.6, 15.3, 15.0, 12.9, 12.9, 12.9 (Tp′CCH3). 
 
Synthesis of TpʹW(CO)(PhCCH)(NCHPh) (6) 
 Following the same procedure above, 23.5 mg of 
[TpʹW(CO)(PhCCH)(NCHPh)][BF4] 4 was suspended in THF and 0.029 mL (1.0 equiv.) of 
1.0 M LiBEt3H in THF was added to the suspension. The solvent was removed 5 minutes 
after removal from the cold bath, and a bright reddish orange solid was isolated.  The orange 
solid was purified by column chromatography as above. IR (CH2Cl2, cm-1): νCO 1900z. 1H 
NMR (CD2Cl2, ppm): 2 isomers observed, major only (95 %): 10.80 (HC≡CPh), 7.24, 7.07, 
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6.98, 6.83, 6.52 (HC≡CPh, NCHPh, 2H, t; 3H, m; 1H, t; 2H, d; 2H, d), 6.80 (NCHPh, s), 
5.97, 5.70, 5.66 (Tp′CH), 2.75, 2.50, 2.41, 2.39, 1.87, 1.35 (Tp′CCH3). 13C NMR (CD2Cl2, 
ppm): 228.9 (CO), 163.8 (NCHPh), 152.9, 152.6, 150.3, 145.0, 144.6, 144.5 (Tp′CCH3), 
147.3(HC≡CPh), 138.3 (HC≡CPh), 129.3, 129.0, 128.5, 128.2, 128.1, 127.1, 126.8, 125.9 
(HC≡CPh, NCHPh), 107.7, 107.1, 106.9 (Tp′CH), 15.6, 15.4, 14.9, 13.0, 12.9, 12.9 
(Tp′CCH3).  Anal. Calcd for WC31H34N7OB: C, 52.05; H, 4.79; N, 13.71. Found: C, 52.56; 
H, 4.90; N, 13.04. 
 
Synthesis of [TpʹW(CO)(PhCCH)(NCH(CH3)CPh3)][BF4] (8) 
 In a J. Young tube in the glovebox 7.2 mg of 3 was dissolved in DCM-D2.  3.6 mg 
(1.0 equiv.) of [CPh3][BF4] was added to the orange solution turning it quickly to an olive 
green color.  The 1H NMR showed full conversion to 8. 1H NMR (CD2Cl2, ppm): 2 isomers, 
major isomer only (80 %): 10.30 (HC≡CPh), 7.4-7.1, 6.46 (NCH(CPh3)CH3, HC≡CPh), 6.17 
(q, NCH(CPh3)CH3, 3JHH = 6.6 Hz),  6.08, 5.96, 5.65 (Tp′CH), 2.58, 2.40, 2.35, 2.15, 1.75, 
1.43 (Tp′CCH3), 1.13 (d, NCH(CPh3)CH3, 3JHH = 6.6 Hz). 13C NMR (CD2Cl2, ppm): 203.5 
(CO), 155.4, 154.1, 152.7, 148.3, 147.8, 146.7 (Tp′CCH3), 130.5, 129.7, 129.2, 128.7, 128.6, 
127.6, 126.6 (NCH(CPh3)CH3, HC≡CPh), 138.5 (HC≡CPh) 126.4 (HC≡CPh), 110.1, 109.1, 
108.5 (Tp′CH), 76.5 (NCH(CPh3)CH3), 65.0 (NCH(CPh3)CH3), 17.3 (NCH(CPh3)CH3), 
16.1, 15.8, 15.2, 13.3, 13.0, 12.9 (Tp′CCH3). 
 
Synthesis of [Li][TpʹW(CO)(CCH)(NCHCH3)] (9) 
 In the glovebox in a J. Young tube, 15.6 mg of 1 was dissolved in 0.6 mL of THF-D8.  
This solution was pipetted onto 4.0 mg (1.4 equiv.) of solid lithium diisopropylamide.  The 
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solution rapidly turned from orange to red and the red solution was pipetted into a J. Young 
for characterization by NMR, which showed full conversion to 9.  1H NMR (THF-D8, ppm): 
major isomer (65%): 5.71, 5.61, 5.56 (TpʹCH), 4.41 (q, N=CHCH3, 3JHH = 5.4 Hz), 3.63 (s, 
C≡CH) 2.67, 2.53, 2.48, 2.33, 2.32, 2.30 (TpʹCCH3), 2.09 (d, N=CHCH3, 3JHH = 5.3 Hz). 
minor isomer (35%): 5.74, 5.60, 5.56 (TpʹCH), 4.95 (q, N=CHCH3, 3JHH = 5.3 Hz), 3.66 (s, 
C≡CH) 2.62, 2.62, 2.48, 2.36, 2.33, 2.29 (TpʹCCH3), 1.86 (d, N=CHCH3, 3JHH = 5.3 Hz). 13C 
NMR (THF-D8, ppm): major isomer only: 233.0 (CO), 152.6, 151.3, 150.8, 142.7, 142.4, 
141.5 (TpʹCCH3), 136.6 (C≡CH), 117.2 (C≡CH), 105.6, 105.5, 105.5 (TpʹCH), 17.4 
(NCCH3), 16.2, 15.6, 15.2, 12.6, 12.4, 12.4 (TpʹCCH3). 
 
Synthesis of [Li][TpʹW(CO)(CCPh)(NCHCH3)] (10) 
 Following the same procedure as above, 6.3 mg of 5 was dissolved in THF-D8 and 
added to 1.8 mg (1.25 equiv.) of lithium 1,1,5,5-tetramethylpiperidide.  NMR showed full 
conversion to 10. 1H NMR (THF-D8, ppm): major isomer (65%): 7.00, 6.96, 6.75 (C≡CPh, 
2H, t; 2H, d; 1H t), 5.73, 5.66, 5.55 (TpʹCH), 4.53 (q, N=CHCH3, 3JHH = 5.4 Hz), 2.77, 2.54, 
2.53, 2.35, 2.32, 2.31 (TpʹCCH3), 2.15 (d, N=CHCH3, 3JHH = 5.4 Hz). minor isomer (35%): 
7.00, 6.94, 6.75 (C≡CPh, 2H, t; 2H, d; 1H t), 5.76, 5.64, 5.55 (TpʹCH), 5.06 (q, N=CHCH3, 
3JHH = 5.3 Hz), 2.75, 2.64, 2.53, 2.37, 2.32, 2.30 (TpʹCCH3), 1.87 (d, N=CHCH3, 3JHH = 5.4 
Hz). 
 
Synthesis of [Li][TpʹW(CO)(CCPh)(NCHPh)] (11) 
 Following the same procedure as above, 7.0 mg of 6 was dissolved in THF-D8 and 
added to 1.8 mg (1.25 equiv.) of lithium 1,1,5,5-tetramethylpiperidide.  NMR showed full 
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conversion to 11. 1H NMR (THF-D8, ppm): 7.17, 7.12, 7.08, 7.02, 6.94, 6.82, 6.77 (C≡CPh, 
N=CHPh), 5.80, 5.70, 5.50 (TpʹCH), 5.41 (N=CHPh), 2.79, 2.62, 2.38, 2.33, 2.33, 2.32 
(TpʹCCH3). 
 
Synthesis of (TpʹW(CO)(CCH))2(µ-NCH(CH3)CH(CH3)N-) (12) 
 (Method 1) To a J. Young containing the mixture of 5.0 mg 9 and diisopropylamine 
in THF-D8, 2.2 mg (1 equiv.) of I2 was added in the glovebox.  The solution changed colors 
rapidly from red to orange.  1H NMR shows 80 % conversion from 9 to six diastereomers of  
12. 
 (Method 2) To a septa capped NMR tube containing a mixture of 5 mg of 9 and 
diisopropylamine in THF-D8, 0.8 µL (1 equiv.) of nitrobenzene was added by microliter 
syringe.  The solution changed colors rapidly from red to orange.  1H NMR showed full 
conversion from 9 to four diastereomers of 12. 1H NMR (THF-D8, ppm): major isomer (29 
%): 5.98, 5.95, 5.64 (TpʹCH), 4.12 (m, NCH(CH3)CH(CH3)N), 3.14 (s, C≡CH) 2.74, 2.50, 
2.48, 2.45, 2.41, 2.26 (TpʹCCH3), 1.41 (d, NCH(CH3)CH(CH3)N). 
 
Synthesis of (TpʹW(CO)(CCPh))2(µ-NCH(CH3)CH(CH3)N-) (13) 
 (Method 1) To a J. Young containing the mixture of 6.3 mg of 10 and 1,1,5,5-
tetramethylpiperidine in THF-D8, 2.5 mg (1 equiv.) of I2 was added in the glovebox.  The 
solution changed colors rapidly from red to orange.  1H NMR showed full conversion from 
10 to six diastereomers of  13.  
 (Method 2) To a septa capped NMR tube containing a mixture of 6.8 mg of 10 and 
diisopropylamine in THF-D8, 2.2 µL (2 equiv.) of nitrobenzene was added by microliter 
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syringe.  The solution changed colors rapidly from red to orange.  1H NMR showed full 
conversion from 10 to four diastereomers of 13. 1H NMR (THF-D8, ppm): major isomer 
(30%): 7.20-6.96 (C≡CPh), 6.01, 5.97, 5.71 (TpʹCH), 3.90 (m, NCH(CH3)CH(CH3)N), 2.80, 
2.77, 2.58, 2.56, 2.44, 2.27 (TpʹCCH3), 1.59 (d, NCH(CH3)CH(CH3)N). 
 
Synthesis of (TpʹW(CO)(CCPh))2(µ-NCH(Ph)CH(Ph)N-) (14)	
 To a J. Young containing the mixture of 7.0 mg of 11 and 1,1,5,5-
tetramethylpiperidine in THF-D8, 2.5 mg (1 equiv.) of I2 was added in the glovebox.  The 
solution changed colors rapidly from red to orange.  1H NMR showed full conversion from 
11 to three diastereomers of 14. 1H NMR (THF-D8): Three diastereomers observed. 2 
symmetric and 1 asymmetric with relative intensities of 1 : 1 : 2.  This means that the NMR 
contains 4 sets of peaks for the distinct dimer environments all with the same intensity, 
making assignment of any set of peaks to a single diastereomer impossible (other than the 
peaks belonging to the asymmetric dimer protons which appear as 1 H doublets at 5.91 and 
5.14 ppm) (see page 127 figure 3.29).  
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3.6 Supplemental Information: 
Figure 3.12. 1H NMR for 2. 
	 109	  
Figure 3.13. 13C NMR for 2.	
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Figure 3.14. COSY NMR spectrum for 2.	
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Figure 3.15. HSQC NMR spectrum for 2.	
	 112		 
Figure 3.16. HMBC NMR spectrum for 2.	
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Figure 3.17. 1H NMR for the reaction mixture of 2 the imine and nitrile cations.	
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Figure 3.18. 1H NMR spectrum for 5.	
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Figure 3.19. 13C NMR spectrum for 5.	
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Figure 3.20. 1H NMR spectrum for 6.	
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Figure 3.21. 1H NMR spectrum for 8.	
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Figure 3.22. 13C NMR spectrum for 8.	
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Figure 3.23. 1H NMR spectrum for 9.	
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Figure 3.24. 13C NMR spectrum for 9.	
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Figure 3.25. 1H NMR spectrum for 10.	
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Figure 3.26. 1H NMR spectrum for 11.	
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Figure 3.27. 1H NMR spectrum for 12.	
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Figure 3.28. 1H NMR spectrum for 13.	
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Figure 3.29. 1H NMR spectrum for 14.	
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Spin saturation experimental information for complex 9: 
 
 Given that the rate of interconversion for two isomers of a compound with distinct 
NMR signatures, separated by at least 0.1 ppm, and assuming a saturation time long enough 
to reach a steady state value for MA, then k can be determined according to the equation 4. 
                                                  
II. Spin saturation experimental information for complex 3: 
 
Given that the rate of interconversion for two isomers of a compound with distinct NMR 
signatu s, separated by at le st 0.1 ppm, and assuming a saturation time long enough to 
reach a steady state value for MA, can be determined according to the equation 1. 
                                                  ! = !!! !!!!! − 1                                                (1) 
Where k is the rate of interconversion, T1 is the spin relaxation time of the equivalent 
non-irradiated NMR signal, MoA is the integration of the equivalent non-irradiated NMR 
signal without saturation and MA is the integration of the equivalent non-irradiated NMR 
signal with saturation of the equivalent NMR signal. 
 
The first necessity for this experiment is to determine T1 values for the 1-azavinylidene 
methyl peaks in the NMR of 3. Since the major isomer methyl peak is saturated, the T1 
for the minor isomer methyl signal was determined through inversion recovery 
experiments to be 1.64 s. 
 
Given this T1, the D1 delay time plus the acquisition time was set constant to equal 5 T1 
(in this case 8.2 s), and steady state attenuation was reached using a saturation time of 12 
s, so these parameters were held constant for the data collection.  A new blank was then 
taken using a saturation pulse centered at 4 ppm to establish MoA.  Data was then 
collected with the saturation pulse centered at 1.78 ppm (Table I) allowing k, to be 
determined according to equation 1, and subsequently the ∆G‡, and t1/2 to be calculated 
using equations 2 and 3 respectively.  
 
     ∆!‡ = −!"#$ !"!!!!     (2) 
 
                                                                 !!/! = !.!"#!       (3) 
 
minor	methyl	integration	 k	 ∆G‡  t1/2	
0.857a n/a	 n/a	 n/a	
0.427	 0.614	 17.4	 1.13	
0.426	 0.617	 17.4	 1.12	
0.425	 0.620	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
Table I. Recorded integrations for the minor methyl signal and corresponding rate constants, 
activation barriers, and half-lives. 
aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	1.	
                                               (4) 
 Here k is the rate of interconversion, T1 is the spin relaxation time of the equivalent 
non-irradiated NMR signal, MoA is the integration of the equivalent non-irradiated NMR 
signal without saturation and MA is the integration of the equivalent non-irradiated NMR 
signal with saturation of the equivalent NMR signal. 
 The first necessity for this experiment is to determine T1 values for the 1-
azavinylidene methyl peaks in the NMR of 9. Since the major isomer methyl peak is 
saturated, the T1 for the minor isomer methyl signal was determined through inversion 
recovery experiments to be 1.19 s. 
 Given this T1, the D1 delay time plus the acquisition time was set constant to equal 5 
T1 (in this case 6.0 s), and steady state attenuation was reached using a saturation time of 12 
s, so these parameters were held constant for the data collection.  A new blank was then 
taken using a saturation pulse c ntered at 4 ppm to establish MoA.  Data was then collected 
with the saturation pulse centered at 2.09 ppm (Table 3.1) allowing k, to be determined 
according to equation 4, and subsequently the ∆G‡, and t1/2 to be calculated using equations 5 
and 6 respectively.  
 
     
II. Spin saturation experimental information for complex 3: 
 
Given that the rate of interconversion for two isomers of a compound with distinct NMR 
signatures, separated by at least 0.1 ppm, and assuming a saturation time long enough to 
reach a steady state value for MA, can be determined according to the equation 1. 
                                                  ! = !!! !!!!! − 1                                                (1) 
Where k is the rate of interconversion, T1 is the spin relaxation time of the equivalent 
non-irradiated NMR signal, MoA is the integration of the equivalent non-irradiated NMR 
signal without saturation and MA is the integration of the equivalent non-irradiated NMR 
signal with saturation of the equivalent NMR signal. 
 
he first necessity for this experiment is to determine T1 valu s for the 1- zavinyliden  
methyl peaks in the NMR of 3. Since the major isomer methyl peak is saturated, the T1 
for the minor isomer methyl signal wa  determined through inversion recovery 
experiments to be 1.64 s. 
 
Given this T1, the D1 delay time plus the acquisition time was set constant to equal 5 T1 
(in this case 8.2 s), and teady state at enuation was reached using a saturation time of 12 
s, so these parameters were held constant for the data collection.  A new blank was then 
taken using a saturation pulse centered at 4 ppm to establish MoA.  Data was then 
collected with the saturation pulse centered at 1.78 ppm (Table I) allowing k, to be 
determined according to equation 1, and subsequently the ∆G‡, and t1/2 to be calculated 
using equations 2 and 3 respectively.  
 
     ∆!‡ = −!"#$ !"!!!!     (2) 
 
                                                                 !!/! = !.!"#!       (3) 
 
minor	methyl	integration	 k	 ∆G‡  t1/2	
0.857a n/a	 n/a	 n/a	
0.427	 0.614	 17.4	 1.13	
0.426	 0.617	 17.4	 1.12	
0.425	 0.620	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
Table I. Recorded integrations for the minor methyl signal and corresponding rate constants, 
activation barriers, and half-lives. 
aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	1.	
    (5) 
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II. Spin saturation experimental information for complex 3: 
 
Given that the rate of interconversion for two isomers of a compound with distinct NMR 
signatures, separated by at least 0.1 ppm, and assuming a saturation time long enough to 
reach a steady state value for MA, can be determined according to the equation 1. 
                                                  ! = !!! !!!!! − 1                                                (1) 
Where k is the rate of interconversion, T1 is the spin relaxation time of the equivalent 
non-irradiated NMR signal, MoA is the integration of the equivalent non-irradiated NMR 
signal without saturation and MA is the integration of the equivalent non-irradiated NMR 
signal with saturation of the equivalent NMR signal. 
 
The first necessity for this experiment is to determine T1 values for the 1-azavinylidene 
methyl peaks in the NMR of 3. Since the major isomer methyl peak is saturated, the T1 
for the minor isomer methyl signal was determined through inversion recovery 
experiments to be 1.64 s. 
 
Given this T1, the D1 delay time plus the acquisition time was set constant to equal 5 T1 
(in this case 8.2 s), and steady state attenuation was reached using a saturation time of 12 
s, so these parameters were held constant for the data collection.  A new blank was then 
taken using a saturation pulse centered at 4 ppm to establish MoA.  Data was then 
collected with the saturation pulse centered at 1.78 ppm (Table I) allowing k, to be 
determined according to equation 1, and subsequently the ∆G‡, and t1/2 to be calculated 
using equations 2 and 3 respectively.  
 
     ∆!‡ = −!"#$ !"!!!!     (2) 
 
                                                                 !!/! = !.!"#!       (3) 
 
minor	methyl	integration	 k	 ∆G‡  t1/2	
0.857a n/a	 n/a	 n/a	
0.427	 0.614	 17.4	 1.13	
0.426	 0.617	 17.4	 1.12	
0.425	 0.620	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
0.426	 0.617	 17.4	 1.12	
Table I. Recorded integrations for the minor methyl signal and corresponding rate constants, 
activation barriers, and half-lives. 
aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	1.	
    (6) 
 
	
minor	methyl	integration	 k	 ∆G‡  10.30a	 n/a	 n/a	
7.35	 0.337	 17.8	
7.56	 0.305	 17.8	
7.47	 0.318	 17.8	
7.48	 0.317	 17.8	
7.19	 0.363	 17.7	
 
 		
 
 
 																		
Table 3.1. Recorded integrations for the minor methyl signal 
and corresponding rate constants, and activation barriers. 
aThis	value	represents	MoA	and	the	subsequent	values	in	this	column	represent	MA		as	seen	in	equation	4.	
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Figure 3.30. ORTEP diagram of 2. 
Table 3.2. Crystal data and structure refinement for 2.  
Identification code  x1508004  
Empirical formula  C48H72B2I8N14O4W2  
Formula weight  2313.71  
Temperature/K  100  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  17.7459(2)  
b/Å  9.48810(10)  
c/Å  22.5409(3)  
α/°  90  
β/°  108.2176(8)  
γ/°  90  
Volume/Å3  3605.08(8)  
	 129	
Z  2  
ρcalcg/cm3  2.131  
µ/mm-1  33.080  
F(000)  2144.0  
Crystal size/mm3  0.188 × 0.124 × 0.043  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  5.566 to 133.286  
Index ranges  -21 ≤ h ≤ 21, -11 ≤ k ≤ 11, -26 ≤ l ≤ 26  
Reflections collected  87731  
Independent reflections  6368 [Rint = 0.0715, Rsigma = 0.0314]  
Data/restraints/parameters  6368/0/359  
Goodness-of-fit on F2  1.029  
Final R indexes [I>=2σ (I)]  R1 = 0.0318, wR2 = 0.0817  
Final R indexes [all data]  R1 = 0.0346, wR2 = 0.0832  
Largest diff. peak/hole / e Å-3  2.28/-1.19  
 
Table 3.3. Bond Lengths for 2. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 N3 1.753(5)   N16 N17 1.369(6) 
W1 C4 2.196(6)   N16 C20 1.360(7) 
W1 C5 2.217(6)   N17 C18 1.353(7) 
W1 C6 2.139(7)   C18 C19 1.388(8) 
W1 N9 2.190(4)   C18 C21 1.482(8) 
W1 N16 2.263(4)   C19 C20 1.393(8) 
W1 N23 2.206(4)   C20 C22 1.496(7) 
C1 C11 1.533(11)   N23 N24 1.370(6) 
C1 C2 1.520(8)   N23 C27 1.352(7) 
C1 N3 1.435(7)   N24 C25 1.341(7) 
C4 C5 1.191(8)   C25 C26 1.385(9) 
C6 O7 1.046(8)   C25 C28 1.503(8) 
B8 N10 1.543(8)   C26 C27 1.385(8) 
B8 N17 1.537(7)   C27 C29 1.488(8) 
B8 N24 1.533(7)   O30 C31 1.454(13) 
N9 N10 1.361(6)   O30 C34 1.417(13) 
N9 C13 1.347(7)   C31 C32 1.435(13) 
N10 C11 1.346(7)   C32 C33 1.463(13) 
C11 C12 1.377(9)   C33 C34 1.479(13) 
C11 C14 1.487(8)   I1 I2 2.8497(6) 
C12 C13 1.396(8)   I2 I3 3.0094(5) 
C13 C15 1.481(8)   I4 I42 2.7657(8) 
11-X,2-Y,1-Z; 2-X,-Y,1-Z 
	 130	
 
Table 3.4. Bond Angles for 2. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N3 W1 C4 97.0(2)   N10 C11 C14 123.0(5) 
N3 W1 C5 99.94(19)   C12 C11 C14 129.1(6) 
N3 W1 C6 93.6(2)   C11 C12 C13 106.6(5) 
N3 W1 N9 96.28(18)   N9 C13 C12 108.2(5) 
N3 W1 N16 173.33(18)   N9 C13 C15 125.0(5) 
N3 W1 N23 93.69(18)   C12 C13 C15 126.8(5) 
C4 W1 C5 31.3(2)   N17 N16 W1 118.7(3) 
C4 W1 N16 88.90(18)   C20 N16 W1 135.1(3) 
C4 W1 N23 156.13(19)   C20 N16 N17 106.2(4) 
C5 W1 N16 86.72(17)   N16 N17 B8 120.6(4) 
C6 W1 C4 74.2(2)   C18 N17 B8 128.3(4) 
C6 W1 C5 105.2(2)   C18 N17 N16 110.7(4) 
C6 W1 N9 164.58(19)   N17 C18 C19 107.2(5) 
C6 W1 N16 84.96(18)   N17 C18 C21 123.6(5) 
C6 W1 N23 83.86(19)   C19 C18 C21 129.2(5) 
N9 W1 C4 116.1(2)   C18 C19 C20 106.4(5) 
N9 W1 C5 84.8(2)   N16 C20 C19 109.5(4) 
N9 W1 N16 83.87(16)   N16 C20 C22 125.0(5) 
N9 W1 N23 83.72(16)   C19 C20 C22 125.5(5) 
N23 W1 C5 163.03(18)   N24 N23 W1 120.8(3) 
N23 W1 N16 79.69(16)   C27 N23 W1 131.9(4) 
C2 C1 C11 115.0(6)   C27 N23 N24 107.1(4) 
N3 C1 C11 109.5(5)   N23 N24 B8 119.9(4) 
N3 C1 C2 109.9(5)   C25 N24 B8 130.3(5) 
C1 N3 W1 178.8(4)   C25 N24 N23 109.7(4) 
C5 C4 W1 75.3(4)   N24 C25 C26 107.8(5) 
C4 C5 W1 73.4(4)   N24 C25 C28 122.8(6) 
O7 C6 W1 177.5(5)   C26 C25 C28 129.4(6) 
N17 B8 N10 109.6(4)   C25 C26 C27 106.6(5) 
N24 B8 N10 108.9(4)   N23 C27 C26 108.8(5) 
N24 B8 N17 107.7(4)   N23 C27 C29 123.9(5) 
N10 N9 W1 120.5(3)   C26 C27 C29 127.2(5) 
C13 N9 W1 131.6(4)   C34 O30 C31 106.5(7) 
C13 N9 N10 107.9(4)   C32 C31 O30 105.2(7) 
N9 N10 B8 120.8(4)   C31 C32 C33 102.2(8) 
C11 N10 B8 129.7(5)   C32 C33 C34 103.3(8) 
C11 N10 N9 109.5(4)   O30 C34 C33 106.7(8) 
N10 C11 C12 107.9(5)   I1 I2 I3 179.09(2) 
11-X,2-Y,1-Z 
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Figure 3.31. The dimer bridge methyl signal expansion for the simulated spectra  with 
Linewidth = 1.7 Hz, and coupling constants of 3JXX’ = 10 Hz, 3JA3X = 6.5 Hz, 4JA3X’ = -0.2 
Hz, and 5JA3A3’ = 0 Hz (top) and experimental spectra (bottom). 
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Figure 3.32. The dimer bridge proton signal expansion for the simulated spectra  with 
Linewidth = 1.7 Hz, and coupling constants of 3JXX’ = 10 Hz, 3JA3X = 6.5 Hz, 4JA3X’ = -0.2 
Hz, and 5JA3A3’ = 0 Hz (top) and experimental spectra (bottom). 
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Chapter 4: Alkyne reactivity in the Tp′W(CO)(NCHCH3) Fragment: A Series of 
Surprising Structural Isomers 
 
4.1 Introduction: 
 Group VI metals have long been noted for their exceptional ability to form multiple 
bonds.  In a review from 2000, Cundari reported that group VI metals accounted for over 55 
% of the transition metal-main group multiple bond structures reported in the Cambridge 
structural database.1  Though this may have something to do with the extensive literature that 
has amassed around alkylidene and alkylidyne metathesis catalysts,2 it also highlights the 
relative ease with which these group VI metals form multiple bonds with main group 
elements.  Particularly for tungsten and molybdenum, the ability to form and break π-bonds 
has led to powerful and useful chemistry including the metathesis work of Schrock and 
others, and even the leading work on N2 reduction.2–5 
 While these catalytic processes are pushing forward the boundaries of chemistry, 
there is also a wealth of literature that focuses on the stoichiometric formation and breaking 
of these metal ligand π-bonds.  The formation of four-electron donor alkyne complexes and 
their reactivity was reviewed in the late 80s.6  Due to the flexible e- donation capabilities of 
this ligand, these complexes are able to support a wide variety of reactions that cause changes 
in metal ligand bonding schemes, such as the transformations between nitrile and 
azavinylidene complexes, and between imine and amido complexes.7 
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 The conversion of the alkyne bonding to different metal ligand bonding schemes is 
also described widely in the literature.  Particularly common is the isomerization of alkyne to 
vinylidene complexes, either through direct 1,2 shift between the two carbons,8–13 or through 
the formation of a metal-hydride acetylide intermediate.14–17  Alternatively, vinylidenes may 
be formed by protonation of alkynyl ligands.18–22  Many vinylidene complexes can be 
converted to carbynes by protonation at the β-carbon.23–27  Metal carbynes can be protonated 
further to metal carbenes, and in certain cases form α-agostic carbene complexes.28,29  
 In this work, a single system is described that demonstrates the stoichiometric 
conversion from the acetylene complex 1, to the carbene complex. This begins with the 
formation of the acetylide complex 2, as described in chapter 3, (equation 1) with the 
subsequent characterization of the vinylidene, and carbyne complex intermediates. Electronic 
and spectroscopic features of these complexes as well as the possible mechanisms of these 
transformations are discussed. 
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4.2 Results: 
 Deprotonation of the 1-azavinylidene acetylene complex 1 results in the loss of one of 
the acetylene protons, and formation of an anionic σ-acetylide complex 2 as shown by 
equation 1, and detailed in chapter 3.  Although this complex is formed very cleanly, its 
reactivity has thwarted attempts at isolation.   
 The acetylide anion 2 was found to react quantitatively with 1 equiv. of acetic acid to 
form the tungsten (IV) azavinylidene vinylidene complex 3 (equation 2).  The 1H NMR 
spectrum of 3 at room temperature shows a single isomer with fairly broad peaks, including a 
broad 2 H singlet at 6.5 ppm, which corresponds to the protons of the rapidly rotating 
vinylidene ligand.  The 1-azavinylidene proton signals are broad and overlap with the     
TpʹB-H signal between 5.1 ppm and 4.4 ppm.  The Tpʹ ring protons still indicate the presence 
of a chiral metal center with 3 independent TpʹH signals and 6 TpʹCH3 signals.  
 Due to the instability of this complex at room temperature, low temperature NMR 
studies were conducted to gain additional structural information.  As the temperature was 
decreased, the 1H NMR spectra begin to reveal two rotational isomers based on the 2 possible 
1-azavinylidene orientations.  Cooling the sample slows the rotation of the vinylidene ligand 
to reveal two doublets for each isomer with geminal coupling constants of 17 Hz at 193 K 
(figure 4.1).  The coalescence of both of these sets of doublets is observed near 253 K (figure 
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4.1).  From this data the rotational barrier 
for the vinylidene ligand can be calculated 
as ΔG‡ = 11.9 kcal/mol.   
 In the 13C NMR spectrum at low 
temperature peaks near 344 ppm were 
observed for the two isomers.  This 
chemical shift is consistent with literature 
observations for the α-carbon of metal 
vinylidenes, and is otherwise an uncommon region for 13C NMR signals, making this a 
particularly diagnostic piece of data. 
 As the vinylidene 1-azavinylidene complex 3 is warmed above 273 K it begins to 
isomerize to the carbyne nitrile complex 4 as seen in equation 3.  Once the solution was at 
room temperature the isomerization took almost 3 hours to go to completion.  The 
transformation from complex 3 to complex 4 is accompanied in the 1H NMR spectrum by the 
disappearance of the doublets and quartets indicative of the 1-azavinylidene ligand, and their 
replacement with two new methyl singlets upfield, near the Tpʹ methyl signals, for the 
carbyne and nitrile methyls at 2.51 ppm and 2.50 ppm, respectively.  The 13C NMR spectrum 
Figure 4.1.  The vinylidene proton signals 
at various temperatures 293 K – 193 K. 
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also shows a peak at 274 ppm, which is typical of carbyne α-carbon signals in the literature.  
The nitrile methyl carbon appears well upfield at 3 ppm, which is a diagnostic chemical shift 
seen in other tungsten nitrile complexes.7,30  The carbonyl stretching frequency of 1823 cm-1 
in the IR spectrum for this complex also helps confirm the identity as a neutral tungsten (IV) 
species.  Kinetic studies of this isomerization were done at room temperature by 1H NMR 
spectroscopy, and determined the rate dependence on the concentration of 3 and lithium 
acetate.  These studies showed that the rate of conversion was first-order in [3] with rate 
constants of 1.4 x 10-4 s-1 and 2.0 x 10-4 s-1 for starting concentrations of 3 of 22 mM and 
43mM respectively.  The addition of 14 equivalents of lithium acetate to a 22 mM solution of 
3 results in a first-order rate constant of 1.8 x 10-4 s-1 representing a miniscule increase in rate 
relative to the amount of acetate present.  Since this increase is so minor, we conclude that 
excess lithium acetate had no effect on the rate and the change is more likely due to other 
experimental variations such as slight changes in the stoichiometry of acid added or the 
presence of small amounts of water in the lithium acetate which could lead to a slight 
increase in acid concentration. 
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 By using strong acids, protonation of the carbyne triple bond of 4 is achieved yielding 
an α-agostic carbene cationic complex 5 as seen in equation 4.   This protonation is heralded 
in the 1H NMR spectrum by the appearance of a 3 H doublet at 2.73 ppm in place of the 
carbyne singlet, and a new 1 H quartet with tungsten satellites at -0.37 ppm (see figure 4.2).  
The coupling constants for the signal at -0.37 ppm of  2JW-H = 20 Hz and 3JH-H = 3.6 Hz are 
also diagnostic of the agostic interaction.  The signal for the carbene methyl group appears 
directly underneath the nitrile methyl group signal in CD2Cl2, but by switching solvents to 
THF-D8 the coupling constants for that signal are 3JW-H = 9 Hz and 3JH-H = 3.6 Hz, showing, 
along with the COSY spectrum, that these two signals are coupled.  The 13C NMR shows a 
signal at 248 ppm for the carbene α-carbon. 
	  
-0.42-0.41-0.40-0.39-0.38-0.37-0.36-0.35-0.34-0.33-0.32
f1 (ppm)
-0
.4
07
-0
.3
99
-0
.3
92
-0
.3
86
-0
.3
79
-0
.3
71
-0
.3
64
-0
.3
58
-0
.3
51
-0
.3
44
2.732.732.732.742.742.752.752.752.762.762.772.772.772.782.782.79
f1 (ppm)
2.
74
4
2.
75
3
2.
76
0
2.
76
9(a) (b)
Figure	4.2.	(a)	The	carbene	methyl	1H	NMR	signal	in	C6D6.	(b)	The	carbene	α-agostic	proton	1H	NMR	signal	in	CD2Cl2.	
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4.3 Discussion: 
 In the process of protonating of the acetylide β-carbon, the metal center is oxidized 
from tungsten(II) to tungsten(IV), pulling the electron pair from the filled metal dxz orbital to 
create the W-C π-bond (see figure 4.3).  This electronic scheme fixes the vinylidene ligand 
protons in the up-and-down configuration at 
low temperatures, resulting in the observed 17 
Hz coupling at 193 K (see figure 4.1).  A 
geminal coupling of this magnitude has been 
reported previously for a metal vinylidene by 
the Ipaktschi group, who reported a coupling 
constant of 19 Hz for 
CpW(CO)(NO)(=C=CH2).31 These coupling 
constants are dramatically elevated from the 
coupling of 9 Hz observed for allene, the non-metallic analogue of these twice double 
bonded compounds.  This suggests that the nearby metal center likely plays a role in raising 
the coupling constant, probably through electronic interactions between the π-bonding 
electron density of the W=C bond and the aligned C-H bonds.   
 The isomerization of 3 into 4 is a net proton transfer from the 1-azavinylidene ligand 
of the complex to the β-carbon of the vinylidene ligand.  This could be accomplished in a 
number of ways given the components present in the reaction mixture, which include 3, 
lithium acetate, diisopropylamine, and presumably, though not visibly by 1H NMR 
spectroscopy, a small amount of acetic acid.  Since the transformation is first order in 3, a 
mechanism of proton transfer between two or more molecules of 3 can be eliminated since 
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Figure	4.3.	Illustration	of	the	W	dπ-orbitals	and	their	π-interactions	for	2.	
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that would necessitate a higher order rate dependence on the metal complex.  The lack of 
isomerization rate enhancement in the presence of additional lithium acetate means that 
acetate is not initiating this isomerization by deprotonating the 1-azavinylidene ligand and 
then shuttling the proton to the β-carbon of the vinylidene.  The most likely explanation is 
shown in scheme 4.1, where small amount of acetic acid present in the solution could 
catalyze this process by protonating the vinylidene β-carbon, then deprotonating the 1-
azavinylidene. This initial protonation would oxidize the metal center to tungsten (VI) 
causing the metal to become more electrophilic and lowering the pKa of the 1-azavinylidene 
proton.  The deprotonation of the 1-azavinylidene β-carbon site would then serve to reduce 
the metal center back to tungsten (IV) while maintaining the nitrogen valence shell. 
However, the possibility of the proton being transferred intramolecularly has not yet been 
ruled out.   
 The protonation of the carbyne complex 4 at the α-carbon site has precedent in the 
literature and often in electron-poor systems leads to the formation of α-agostic interactions.  
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Scheme	4.1.	The	proposed	mechanism	for	the	acetic	acid	catalyzed	isomerization	from	3	to	4	through	a	tungsten	(VI)	intermediate.	
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These complexes are 
characterized by chemical shifts 
for the agostic proton around, or 
slightly below 0 ppm in the 1H 
NMR spectrum, and coupling 
constants that reflect the partial 
nature of the bonds in the 3-
center-2-electron bonding 
scheme of these complexes.32–34 
This means that rather than the 
typical 7 Hz coupling that we 
would expect for the 3JHH of the 
methyl-proton system a coupling 
of 3.6 Hz is observed.  While the 
values for 1JWH coupling are 
known to vary widely for 
TpʹW(CO) containing systems, 
the observed value of 1JWH = 20 Hz agrees with literature values for α-agostic protons,32–34 
and does appear to fall somewhere between the values for six coordinate tungsten hydrides35 
and the values for non-agostic tungsten carbene α-protons.36 
 Though all of these reactions have literature precedent, this system gives insight into 
the more elusive parent acetylene derivatives which have seen much more limited study.  
Additionally, because of the simple deprotonation, protonation, and isomerization reaction 
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Figure	4.4.	(a)	Structural	isomers	with	the	empirical	formula	TpʹWC5H6NO.	(b)	Structural	isomers	with	the	empirical	formula	[TpʹWC5H7NO][X].	
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sequence, a series of isomeric complexes is produced.  The neutral azavinylidene acetylene 1, 
azavinylidene vinylidene 3, and carbyne nitrile complex 4 are structural isomers.  Also, the 
carbene complex 5 is a structural isomer for the imine product formed by the protonation of 
1, which is reported in chapter 2 (see figure 4.4).  Despite the similarities between these 
complexes there does not seem to be a reversible pathway between them.  The direct 
conversion through 1,2 shifts from the acetylene complex 1 to the vinylidene complex 3, 
which has been observed in other systems,8–13 is not accessible by heating of the acetylene 
complex.  The conversion from the vinylidene complex 3 to the carbyne complex 4 is also 
observed to be irreversible. 	  
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4.4 Experimental: 
 All experiments were performed under a dry argon atmosphere using standard 
Schlenk techniques or in an MBraun UNILab glovebox. Sigma-Aldrich reagents were used 
without further purification. Infrared spectra were collected in dichloromethane or THF 
solutions on an ASI ReactIR 1000. NMR experiments were conducted on the Bruker 
AVANCEIII500 500 MHz spectrometer or the Bruker Ultrashield AVANCEIII600 600 MHz 
spectrometer. Complex 1 was synthesized as previously reported.30 Complex 2 was 
synthesized as reported in chapter 3 of this thesis. 
 
Synthesis of TpʹW(CO)(C=CH2)(N=CHCH3) (3)   
 In the glovebox, 5.5 mg of 2 was dissolved in 0.6 mL of THF-D8.  This solution was 
pipetted onto 1.2 mg (1.2 equiv.) of solid lithium diisopropylamide.  The solution rapidly 
turned from orange to red and the red solution was pipetted into a septa capped NMR tube.  
This solution was cooled to -78 °C in a dry ice-acetone bath and then 0.65 µL (1.2 equiv.) of 
glacial acetic acid was added.  The NMR tube was removed from the cold bath and inverted 
once to mix the solution, resulting in a color change from red to brown.  The NMR tube was 
returned to the bath and NMR spectra were obtained at low temperature before allowing the 
sample to warm to room temperature. 1H NMR (THF-D8, 193 K): major isomer only, 60 %: 
6.69, 6.35 (CCH2, 1H, d, 1H, d, 2JHH = 17.5 Hz), 5.96, 5.92, 5.86 (TpʹCH),  4.50 (NCHCH3, 
very broad s), 2.48 (NCHCH3, 3JHH = 5.9 Hz), 2.53, 2.43, 2.39, 2.37, 2.33, 2.29, (TpʹCCH3).  
1H NMR (THF-D8, 293 K):  6.45 (CCH2, 2H, broad s), 5.85, 5.83, 5.78 (TpʹCH),  4.58 
(NCHCH3, 3JHH = 5.9 Hz), 2.53, 2.41, 2.37, 2.35, 2.31, (TpʹCCH3).  13C NMR (THF-D8):  
344.4 (CCH2), 228.6 (CO), 154.5, 151.9, 151.0, 145.5, 144.9, 144.2 (TpʹCCH3), 141.4 
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(CCH2), 112.3 (NCHCH3), 107.5, 106.6, 106.5 (TpʹCH), 14.7 (NCHCH3), 17.2, 16.6, 13.2, 
12.7, 12.5, 12.3 (TpʹCCH3). 
 
Synthesis of TpʹW(CO)(CCH3)(NCCH3) (4)   
 In a Schlenk flask, 50 mg of 2 was dissolved in 5 mL of THF. The orange solution 
was cooled in a -78 °C bath for 10 minutes before 0.065 mL (1.5 equiv.) of 2 M n-
butyllithium cyclohexane solution was added dropwise.  The reaction was stirred at -78 °C 
for 1.5 hours while the solution turned a deep red color.  Then 7.2 µL (1.5 equiv.) of glacial 
acetic acid was added to the solution.  The flask was then removed from the cold bath and the 
solution was stirred for an additional 3 hours while the solution turned first brown then rust-
orange in color.  Solvent was removed under vacuum to give a rust-orange solid.  The solid 
was dissolved in a minimum amount of benzene and cannula filtered to remove lithium 
acetate salt.  The benzene was then removed under vacuum to give an orange solid.  Yield: 
47 mg, 94 %.  IR (CH2Cl2, cm-1): νCO 1823.  1H NMR (CD2Cl2, ppm): 5.93, 5.85, 5.79 
(TpʹCH),  2.51 (s, CCH3, 3JWH = 7.5Hz), 2.50 (NCCH3), 2.62, 2.41, 2.37, 2.37, 2.35, 2.33, 
(TpʹCCH3). 13C NMR (THF-D8, ppm): 274.0 (CCH3), 246.9 (CO), 152.0, 151.6, 151.0, 
143.9, 143.7, 143.5 (TpʹCCH3), 138.1 (NCCH3), 106.1, 106.1, 105.9 (TpʹCH), 37.1 (CCH3), 
16.9, 15.2, 14.5, 12.8, 12.4, 12.2 (TpʹCCH3), 3.3 (NCCH3). 
 
Synthesis of [TpʹW(CO)(CHCH3)(NCCH3)][N(OS(O2)CF3)2] (5)   
 In the glovebox, a J-Young tube was charged with 16.3 mg of 4.  The solid was then 
dissolved in 0.4 mL of CD2Cl2.  8.0 mg (1.0 equiv.) of HN(OS(O2)CF3)2 solid was added to 
tube.  The tube was then sealed and inverted multiple times until a color change from orange 
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to light brown was observed.  NMR spectra show full conversion to 5.  1H NMR (CD2Cl2): 
6.11, 6.10, 6.02 (TpʹCH), 2.73 (d, CHCH3, 3JHH = 3.6 Hz, 3JWH = 9Hz), 2.73 (NCCH3), 2.45, 
2.45, 2.42, 2.38, 2.36, 2.30 (TpʹCCH3), -0.37 (q, CHCH3, 3JHH = 3.6 Hz, 2JWH = 20 Hz). 13C 
NMR (CD2Cl2): 248.0 (CHCH3), 228.6 (CO), 154.1, 152.4, 152.0, 148.5, 147.4, 146.8 
(TpʹCCH3), 120.3 (q, [N(OS(O2)CF3)2]-, 1JCF = 319 Hz ) 109.0, 108.3, 108.2 (TpʹCH), 32.3 
(CHCH3), 16.6, 15.4, 15.2, 13.2, 12.8, 12.4 (TpʹCCH3), 4.5 (NCCH3). 		  
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4.5 Supplemental Information: 
Figure 4.5.  1H NMR spectrum of 3 at 193 K. 
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Figure 4.6. 1H NMR spectrum of 3 at 293 K. 		
	 151	
Figure 4.7. 13C NMR spectrum of 3 at 203 K. 
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Figure 4.8. 1H NMR spectrum of 4. 
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Figure 4.9. 13C NMR spectrum for 4. 
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Figure 4.10. 1H NMR spectrum of 5. 
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Figure 4.11. 13C NMR spectrum of 5.  
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Figure 4.12. Graph showing the natural logarithm of the concentration of 3 versus time and 
the rate constants calculated from the slopes of the linear fits for three sets of experimental 
conditions.  	  
y	=	-0.000203x	-	3.095632	R²	=	0.998264	
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Chapter 5: Nucleophilic Additions to Cationic Tp′W(CO)(η2-HCCR) (R = H,Ph) Nitrile 
Complexes and Activation of the η2-alkyne Ligand 
 
5.1 Introduction: 
 There is strong literature precedent for nucleophile addition to metal bound nitrile and 
alkyne species.  For metal bound nitriles this addition is observed for a wide variety of 
moieties including carbon, nitrogen, oxygen, and phosphorus based nucleophiles.1–13  
Alkynes bound η2 to metals have a similarly prolific literature for nucleophile addition with 
an emphasis on the formation of ring systems.14–18  These additions typically occur through 
the nucleophilic attack at one carbon leading to the formation of η1 vinyl complexes before 
eliminating organic products. For metal bound nitriles, nucleophile addition occurs at the β-
carbon, frequently with the concurrent transfer of a proton to the nitrogen in the case of 
alcohols and amines as nucleophiles.  For alkynes, the mechanisms of ring forming reactions 
are occasionally less straight-forward and less well understood.  For example the Pauson-
Khand reaction uses a dicobaltoctacarbonyl catalyst to form five membered enone rings from 
an alkyne and an alkene, and while there are logical proposals for the mechanism, few 
intermediate species have been isolated.19   
 Reactivity patterns for nucleophilic reagents adding to  Tp′W(CO) alkyne nitrile and 
imine systems have been studied and reported on in the literature.  The standard nucleophilic 
addition site in these complexes is the β-carbon of the nitrile or imine ligand as is frequently 
seen in systems focused on nitrile reduction.20  While hydride addition is the most common 
reaction explored in this system there have also been reports of cyanide addition leading to 1-
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azavinylidene cyano complexes,20 and amine addition to the nitrile β-carbon leads to the 
isolation of amidine complexes.21   
 The addition of heteroatom nucleophiles to nitriles, as seen for the amidine formation 
reactions, results in the creation of a new heteroatom reactive site γ to the metal.  This 
reactive γ-atom has been shown to be capable of activating the alkyne through nucleophilic 
attack forming 6-membered metallacycles, as shown in scheme 5.1.21  These metallacyclic 
systems are important since they provide additional insight into the activation of η2-bound 
alkynes.  
 Reported here are several reactions that examine alkyne activation either through 
direct nucleophile addition, or by the creation of a nucleophilic atom at the γ-site of the 
functionalized nitrile ligands.  For the latter pathway, addition of base to deprotonate the γ-
site is employed in order to create a reactive lone pair capable of intramolecular nucleophilic 
attack of the terminal alkyne. 	  
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Scheme	5.1.	The	reported	addition	of	amine	to	the	nitrile	to	form	the	amidine	complex,	followed	by	the	addition	of	excess	amine	in	water	leading	to	nucleophilic	attack	of	the	alkyne	and	cyclization.	
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5.2 Results and Discussion: 
The reduction of coordinated nitriles in the presence of an internal alkyne as an ancillary 
ligand is well understood, but the behavior of these systems with an adjacent terminal alkyne 
ligand has not been thoroughly examined.  The [Tp′W(CO)(NCMe)(PhC2H)][BF4] 1 
complex demonstrates analogous chemistry to the internal alkyne analog for the initial two 
addition steps, using lithium triethylborohydride, followed by tetrafluoroboric acid. These 
reactions give clean conversions first to the 1-azavinylidene, Tp′W(CO)(N=CHMe)(PhC2H) 
2, and then to the imine, [Tp′W(CO)(NH=CHMe)(PhC2H)][BF4] 3 products.   
When lithium triethylborohydride is added to 3, a distribution of products is observed.  
The major product of this reaction is the 1-azavinylidene 2, resulting from simple 
deprotonation of the imine nitrogen.  The second most prevalent product of this reaction is 
Scheme 5.2.  First two steps of nitrile reduction by hydride addition then protonation. 
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Scheme 5.3.  The product mixture resulting from the addition of lithium triethylborohydride 
includes the deprotonation product (2), the hydride addition at the imine carbon (amido 
complex), and the hydride addition at the terminal alkyne carbon (η2-vinyl complex). 
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the amido species 4, resulting from the β-carbon hydride addition, analogous to reactivity 
seen with the internal alkyne system.  The final species observed in the mixture displays 
doublets in the 1H NMR spectrum at 5.39 ppm and 3.65 ppm with a JHH = 4.4 Hz and a JWH = 
10.8 Hz.  The chemical shift and coupling constants for these peaks are consistent with a 
tungsten-bound η2-vinyl species.22 Based on this evidence the product was assigned as the η2-
vinyl species, 5, shown in scheme 5.3.  The ratios of the products in the mixture is 5:3:1 for 
2, 4, and 5 respectively, making the direct alkyne addition the least prevalent product.  Since 
these species exist as a mixture, a correlation spectroscopy (COSY) NMR experiment was 
performed to assign signals to a single species via coupling between signals.  From this 
experiment, the diastereotopic protons of the amido product 4, can be seen coupling to a 
triplet upfield corresponding to the amido ligand methyl group, as well as to a broad 
multiplet amid the aromatic signals, which corresponds to the amido NH.  The most intense 
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(c)	Figure 5.1.  (a)* The coupling 
between the azavinylidene CH2 
diastereotopic protons and the NH 
proton of 4. (b)* The coupling 
between the azavinylidene CH and the 
neighboring methyl group of 2.  (c) 
The coupling between the two geminal 
protons on the η2-vinyl 5. *Coupling 
for minor isomer also visible. 	
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cross coupling signals are observed between the two doublets of the geminal η2-vinyl 
hydrogens of 5, as seen in Figure 5.1.   
This reaction shows the possibility of achieving direct hydride attack at the terminal 
alkyne using a hydride transfer reagent. By varying the strength of the hydride donor 
reagents we hoped to promote the terminal alkyne attack and form the η2-vinyl product 5 
selectively. 
 The use of a slightly weaker hydride source, cyanoborohydride, immediately gave an 
unexpected result.  The reaction of 3 with stoichiometric NaBH3(CN) led to clean conversion 
to a new species with an IR stretch in at 1934 cm-1 for 
the CO ligand and an alkyne hydrogen signal in the 1H 
NMR at 13.75 ppm. These signals are indicative of 
strong electronic similarities to the cationic 
[Tp′W(CO)(PhC2H)(MeCN)][BF4] 1.  These properties 
were surprising since the addition of a hydride reagent 
should have resulted in a neutral rather than a cationic 
species, and the neutral complexes in this system show 
dramatically different spectroscopic signatures from 
the cations.   
Figure 5.2.  ORTEP diagram of 
Tp’W(CO)(PhC2H)(NCBH3) 6.  The 
hydrogens have been omitted 
except where structurally relevant. 
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When this species was recrystallized and an X-Ray structure was obtained (shown in 
figure 5.2) it showed that replacement of the imine ligand by the cyanoborohydride had 
occured (see equation 1).  The NMR and IR behavior of the species is then explained by the 
similarities between cyanoborohydride and acetonitrile, with the only difference being the 
replacement of the acetonitrile methyl carbon with boron.  This zwitterionic structure results 
in a neutral complex with cationic spectroscopic characteristics.  
 Despite trying several other hydride reagents including sodium 
trimethoxyborohydride, lithium tri(tertbutoxy)aluminumhydride, potassium borohydride, 
borane, and copper hydride reagents, conditions were not found for selective hydride addition 
at the terminal alkyne carbon. 
 Switching to heteroatom nucleophiles 
and encouraged by earlier work on the 
addition of amines to cationic tungsten (II) 
nitrile complexes,21 a crystal structure was 
obtained for the aniline addition product 
[Tp′W(CO)(PhCCH)(NHC(CH3)NHPh)][BF4] 
7, in the process of repeating some of the 
initial results (figure 5.3).  This structure 
matches with the structure of [Tp′W(CO)(PhCCH)(NHC(CH3)NH2)][BF4] reported 
previously.21  The main difference is that the ammonia addition product shows complete 
delocalization between the two nitrogens and the central carbon, with bond-distances of 
1.314 Å and 1.310 Å; the aniline addition product shows less delocalization with the metal-
Figure	5.3.	ORTEP	diagram	for	
[Tp′W(CO)(PhCCH)(NHC(CH3)NHPh)][BF4] 7.		Hydrogens	and	counterions	have	been	omitted	where	not	structurally	relevant.	
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bound nitrogen bond significantly shorter than the central carbon to aniline nitrogen bond, 
with bond distances of 1.307 Å (N1-C10) and 1.334 Å (C10-N2) respectively. 
 In the related system [Tp′W(CO)(HCCH)(NCPh)][OTf] 8, reported in chapter 3, 
similar reactivity was observed with the net addition of water to the nitrile ligand.  This 
transformation 
occurs in the solid 
state under humid 
air over the course 
of seven days.  The 
1H NMR spectrum of the water addition product shows acetylene proton peaks at 14.19 ppm 
and 12.55 ppm, slightly upfield from comparable signals reported for the nitrile starting 
material but well within the range of expectations for a 4 e- donor cationic acetylene 
complex.  The Tp′ proton and methyl signals as well as the benzonitrile proton signals all 
appear in the same chemical shift regions as for the nitrile cation, indicating similar 
electronic environments for both metal 
complexes.  The 1H NMR spectrum does 
reveal two new broad signals at 9.18 ppm 
and 5.53 ppm, which appear to be 
exchanging and are assigned to the two 
imine protons.   
 This complex was recrystallized by 
vapor diffusion of methanol into a 
concentrated solution of the complex in 
OTf
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N
H
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H
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N N
N
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H
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Atmospheric H2O
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solid state
Figure 5.4. ORTEP diagram for 
[Tp′W(CO)(HCCH)(OC(NH2)Ph)][OTf] 9. 
Counterion and hydrogens omitted except 
where structurally relevant. 
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CH2Cl2.  This recrystallization yielded pure material suitable for elemental analysis and 
single crystal X-Ray diffraction characterization.  The crystal structure for this complex, 
shown in figure 5.4, reveals that as water adds across the nitrile NC bond, instead of forming 
the iminoxy and maintaining the W-N bond, the water molecule causes a rearrangement 
where both protons are transferred to the nitrogen and the ligand now binds through the 
oxygen bound to the imine carbon. 
 By shifting both the protons to the nitrogen, the positive charge for the complex is 
shifted from the metal center to the nitrogen, which takes on iminium character. The structure 
for the iminoxy ligand shows a high degree of delocalization, which helps support the 
cationic nitrogen. This is illustrated by the short carbon oxygen bond, which has a distance of 
1.271 Å, and the carbon nitrogen bond distance of 1.306 Å which is slightly longer than the 
imine bond observed for the [Tp′W(CO)(HCCH)(N(R)CCH3)][OTf] structures reported in 
Chapter 2 of 1.301 Å and 1.295 Å for the methyl and ethyl derivatives respectively.  The sp2 
character of the central carbon is also shown in the structure by the bond angles, which add 
up to 360 °, showing the planarity of the bonds around carbon.	 
 By treating the iminoxy cation with a stoichiometric amount of potassium tert-
butoxide under inert atmosphere, it is possible for us to isolate the neutral iminoxy complex 
(see equation 3) for characterization by NMR.  The 1H NMR of the neutral complex shows 
an upfield shift in the 
acetylene proton signals 
to 13.05 ppm and 11.53 
ppm, which is typical 
for a neutral complex 
OTf
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with an X-type ligand at the iminoxy site.  The imine proton displays a chemical shift of 8.10 
ppm, intermediate between the two signals in the doubly protonated iminium complex.   
 When this complex is exposed to water there is a slow decomposition reaction that 
releases free Tp′ and N-vinyl-benzamide (equation 4).  The observation of the benzamide 
product points to an attack 
on the acetylene by the 
imine nitrogen which likely 
forms a cyclic intermediate 
analogous to those seen for 
the amine addition systems mentioned above.21  Protonation of the metal bound carbon 
(likely by water) would then form the new vinyl group and cause decoordination from 
tungsten.  Decoordination of the amide ligand could occur by protonation as well, or be 
encouraged by the electronics of new ligands binding to the vacant coordination site formerly 
occupied by acetylene.  The N-vinyl-benzamide was separated from the decomposition 
byproducts by column chromatography using a silica gel stationary phase and a 33:66:1 
mixture of ethylacetate:hexane:triethylamine as the mobile phase, and its identity was 
confirmed by comparison to reported literature values for the 1H NMR spectrum.23  
 A similar reaction was examined by treating the methylated imine 
[[Tp′W(CO)(HCCH)(N(CH3)CHCH3)][OTf] with base.  By treating this imine with 1 
equivalent of either lithium diisopropylamide or lithium tetramethylpiperidide, a color 
change from bright blue to a dark midnight blue occurs instantaneously and a transient 
species is observed in the 1H NMR that can be identified as the neutral vinyl amine complex 
shown in equation 5.  This complex is identified by the vinyl proton signals, which for the 
W
N N
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major isomer appear as a 
doublet of doublets at 
6.33 ppm for the internal 
proton, and doublets, with 
coupling constants of 3JHH 
= 15.3 Hz and 8.4 Hz, at 3.39 ppm and 2.95 ppm respectively.					 The	vinyl	species	has	completely	reacted	after	2	hours	at	room	temperature	to	form	 a	 new	 complex	 that	 appears	 to	 incorporate	 both	 the	 vinyl	 signals	 and	 the	acetylene	signals	 into	a	single	metallocyclic	 ligand.	This	can	be	seen	by	examining	the	COSY	spectrum	for	the	new	complex	13,	which	shows	5	signals	(3	from	the	vinyl	group	and	2	from	the	acetylene)	with	various	multiplicities	at	7.45	ppm	(d),	7.07	ppm	(t),	5.09	ppm	(ddd),	1.88	ppm	(d),	and	1.64	ppm	(t).	 	The	COSY	spectrum	shows	coupling	from	the	 signal	 at	 5.09	 ppm	 to	 the	 signals	 at	 7.07,	 1.88,	 and	 1.64	 ppm,	 and	 between	 the	signals	at	7.45	and	7.07	ppm.		 If	the	base	is	added	at	-78	°C,	the	initial	dark	blue	color	for	the	vinyl	complex	is	still	observed,	however	after	the	reaction	is	warmed	to	room	temperature,	the	solution	turns	yellow	and	another	new	complex	14	is	observed	in	the	1H	NMR.		This	compound	also	displays	5	complex	multiplets	indicative	of	coupling	of	the	vinyl	and	the	acetylene	ligands.	 	 These	 signals	 appear	 at	 8.32	 ppm,	 5.39	 ppm,	 3.95	 ppm,	 3.03	 ppm,	 and	2.39	ppm.	 	The	multiplets	 for	 the	 this	complex	are	significantly	more	complicated	 than	 for	the	complex	formed	at	room	temperature,	and	in	the	COSY	spectrum	we	can	see	that	all	but	one	of	the	signals	couples	to	at	least	2	other	proton	signals	in	the	system.		The	signal	at	 3.03	 ppm	 is	 observed	 to	 couple	 to	 all	 four	 of	 the	 other	 multiplets.	 	 Despite	 the	
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addition	of	data	 from	NOESY,	HSQC,	and	HMBC	NMR	experiments,	 there	was	no	clear	structure	that	matched	all	the	data.		 When	 this	 complex	 is	 exposed	 to	 air,	 over	 the	 course	 of	 2	 days	 the	 1H	 NMR	spectroscopy	 shows	 that	 the	 complex	 formed	at	 low	 temperature	will	 slowly	 convert	into	 the	 product	 formed	 at	 room	 temperature.	 	 This	 implies	 that	 the	 structures	 are	likely	 related	 by	 a	 simple	 rearrangement	 or	 a	 proton	 shift.	 	 Unfortunately,	recrystallizations	produced	fan-like	crystals	that	were	not	suitable	for	X-ray	diffraction	studies.		  
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5.3 Conclusion: 	 Nucleophilic	 reagents	 provide	 a	 different	 dimension	 to	 this	 chemistry	 by	opening	up	a	variety	of	new	reactive	sites	and	reactivity	pathways.		By	taking	advantage	of	the	typical	reactivity	motifs	of	the	tungsten	bound	nitrile	and	imine	fragments	with	electron-poor	 β-carbons	 which	 readily	 undergo	 hydride	 addition,	 other	 nucleophiles	can	be	added	creating	amidine	and	amide	type	moieties.		Nucleophiles	can	also	lead	to	reactivity	at	the	alkyne	site.		This	is	seen	directly	in	the	formation	of	the	η2-vinyl	species	
5.		Alkyne	activation	is	also	observed	through	secondary	activation	chemistry	where	the	product	of	nucleophilic	attack	leads	to	chemistry	at	the	alkyne.		This	is	the	case	for	the	previously	 reported	 cyclization	 reactions	 of	 the	 amidine	 products	 like	 7,	 and	 the	analogous	 chemistry	 reported	 for	 the	 nitrile	 hydrolysis	 product	 9,	 which	 after	deprotonation	 to	 10,	 can	 attack	 the	 alkyne	 leading	 to	 the	 formation	 of	 N-vinyl-benzamide.		This	idea	of	secondary	activation	of	the	alkyne	led	to	the	base	additions	to	the	methylated	imine	complex	11,	creating	the	reactive	vinyl	species	12,	which	is	also	seen	 to	 attack	 the	 alkyne	 carbon	 leading	 to	 cyclization	 reactivity.	 	 While	 the	 two	products	of	these	cyclization	reactions	are	unknown,	they	are	clearly	demonstrating	the	same	 sort	 of	 lone	pair	 attack	 of	 the	 alkyne	 carbons	 seen	 in	 the	 amidine	 and	 iminoxy	species.		  
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5.4 Experimental: 
 All experiments were performed under a dry argon atmosphere using standard 
Schlenk techniques or in an MBraun UNILab glovebox. Sigma-Aldrich reagents were used 
without further purification. Infrared spectra were collected in dichloromethane solutions on 
an ASI ReactIR 1000. NMR experiments were conducted on the Bruker AVANCEIII500 500 
MHz spectrometer or the Bruker Ultrashield AVANCEIII600 600 MHz spectrometer. 
Elemental analyses were performed by Robertson Microlit Laboratories in Ledgewood, NJ. 
complexes 1, 7, 8, and 11 were synthesized as previously reported,21,24 complex 2 was 
synthesized as reported in chapter 3 of this thesis, and 3 was synthesized by analogous 
methods to previous reports.24  
 
Synthesis of the mixture of complexes 2, 4, and 5   
In a Schlenk flask, 0.200 g of 3 was dissolved in 12 mL of THF.  This blue solution was 
cooled to -78 °C using a dry ice/acetone bath while stirring.  The 0.36 mL (1.33 equiv.) of 
1.0 M lithium triethylborohydride solution in THF was then added slowly as the solution 
stirred.  This led to a slow color change from blue to orange.  The solvent was removed and 
the orange solid was eluted with toluene on an air-free alumina (5 % trietylamine treated) 
column.  The orange band was collected and 1H NMR showed a mixture of the 3 products 
(see section 5.5 supplemental spectra). 
 
Synthesis of Tp′W(CO)(PhC≡CH)(N≡CBH3) (6) 
In a Schlenk, 95 mg of 3 were dissolved in 6 mL of THF and cooled to -78 °C in a cold bath.  
The blue solution was cannula transferred to a Schlenk flask containing 10 mg (1.25 equiv.) 
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of solid cyanoborohydride and the mixture was stirred for 10 minutes.  The solution color 
changed from blue to mint green.  The solvent was removed and a 1H NMR and an IR of the 
mint green solid was taken.  The product was recrystallized by a vapor diffusion of hexanes 
into the CDCl3 NMR sample and an X-Ray structure was obtained. IR (CH2Cl2, cm-1): νCO 
1934. 1H NMR (CD2Cl2, ppm): major isomer 75 %: 13.75 (HC≡CPh), 7.25, 6.77 (HC≡CPh, 
3H m, 2H m), 5.91, 5.85, 5.73 (Tp′CH), 2.74, 2.55, 2.52, 2.37, 1.61, 1.47 (Tp′CCH3), 1.29 
(NCBH3, broad m). Minor isomer 25 %: 12.71 (HC≡CPh), 7.87, 7.62, 7.52 (HC≡CPh, 2H d, 
2H t, 1H t), 6.05, 5.91, 5.73 (Tp′CH), 2.75, 2.52, 2.47, 2.37, 2.29, 1.52 (Tp′CCH3), 1.12 
(NCBH3, broad m). 
 
Synthesis of [Tp′W(CO)(HC≡CH)(OC(NH2)CPh)][OTf] (9) 
Solid 8 was left in a vial under humid air for 7 days.  1H NMR showed full conversion to 9.  
Solid was recrystallized with by vapor diffusion of MeOH into DCM and an X-Ray structure 
was obtained. 1H NMR (CD2Cl2, ppm): 14.17, 12.51 (HC≡CH), 9.19 (OC(NH2)Ph, broad s), 
7.61, 7.57, 7.42 (OC(NH2)Ph, 2H d, 1H t, 2H t), 6.09, 5.97, 5.82 (Tp′CH), 5.50 (OC(NH2)Ph, 
broad s), 2.55, 2.46, 2.44, 2.23, 1.93, 1.74 (Tp′CCH3). 13C NMR (CD2Cl2, ppm): 227.7 (CO), 
174.8 (OC(NH2)Ph), 153.4, 153.3, 150.6, 148.2, 147.1, 145.4 (Tp′CCH3), 134.8, 129.4, 128.7 
(OC(NH2)Ph), 128.3 (HC≡CH), 128.1 (HC≡CH), 121.3 (q, CF3SO3–, 1JCF = 319 Hz), 108.4, 
108.4, 108.1 (Tp′CH), 16.4, 15.1, 14.5, 13.0, 12.9, 12.7 (Tp′CCH3). Anal. Calcd for 
WC26H31N7O5BF3S: C, 38.78; H, 3.88; N, 12.18. Found: C, 38.54; H, 3.84; N, 12.08. 
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Synthesis of Tp′W(CO)(HC≡CH)(OC(NH)CPh) (10) 
In the glovebox, 5 mg of 9 was dissolved in 1 mL of THF, then 1 mL of a saturated THF 
solution of KOtBu was added and stirred for 2 minutes.  The solution rapidly changed color 
from blue to orange.  The solvent was removed and a 1H NMR showed full conversion to the 
deprotonated product. 1H NMR (CD2Cl2, ppm): 13.05, 11.53 (HC≡CH), 8.09 (OC(NH)Ph, 
broad s), 7.57, 7.34, 7.28 (OC(NH)Ph, 2H d, 1H t, 2H t), 6.16, 5.79, 5.72 (Tp′CH), 2.53, 
2.43, 2.37, 2.32, 2.32, 1.86 (Tp′CCH3). 
 
Synthesis of Tp′W(CO)(HC≡CH)(N(Me)CH=CH2) (12) 
In a J. Young tube in the glovebox, 9 mg of 11 was dissolved in THF-D8 and placed in the 
freezer at -23 °C for 30 minutes.  A solution of 1.9 mg of lithium tetramethylpiperidide in 
THF-D8 was layered carfully on top of the blue solution creating a small layer of red in the 
middle.  The J. Young was removed from the box and immediately placed in a -41 °C bath.  
Immediately before taking the NMRs the J. Young was inverted to mix the solutions.  The 1H 
NMR showed full conversion to 12 after 35 minutes at room temperature. 1H NMR (THF-D8, 
ppm): major isomer only 55%: 12.02, 10.50 (HC≡CH), 6.33 (N(CH3)CHCH2, dd, J = 12.8 
Hz, 7.2 Hz). 6.03, 5.83, 5.61 (Tp′CH), 3.52 (N(CH3)CHCH2, s), 3.37 (trans-N(CH3)CHCH2, 
d, J = 12.7 Hz), 2.95 (cis-N(CH3)CHCH2, d, J = 7.2 Hz), 2.49, 2.39, 2.33, 2.31, 2.11, 1.91 
(Tp′CCH3). 
 
Synthesis of Complex 13 
In a Schlenk flask, 35 mg of 11 was dissolved in 3 mL of THF.  A 2 mL solution of 7.8 mg 
(1.1 equiv.) of lithium tetramethylpiperidide was then added quickly at room temperature.  
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The solution was stirred for 3 hours and then the solvent was removed.  The 1H NMR 
showed full conversion to 13 and 22 mg of red solid was collected. IR (CH2Cl2, cm-1): νCO 
1823. 1H NMR (CD2Cl2, ppm): 7.45 (ring proton, d, J = 4.6 Hz), 7.07 (ring proton, t, J = 4.6 
Hz), 5.96, 5.90, 5.82 (Tp′CH), 5.08 (ring proton, ddd, J = 13.0 Hz, 8.1 Hz, 4.4 Hz), 3.54 
(N(CH3), s), 2.48, 2.48, 2.47, 1.96, 1.86, 1.52 (Tp′CCH3), 1.88 (ring proton, dd, J = 12.4 Hz, 
5.9 Hz) 1.64 (ring proton, dd, J = 8.1 Hz, 5.9 Hz).  
 
Synthesis of Complex 14 
In a Schlenk flask, 20 mg of 11 was dissolved in 8 mL of THF and the solution was cooled ot 
-78 °C in a cold bath.  A 4 mL solution of 3 mg (1.1 equiv.) of lithium diisopropylamide was 
then added slowly.  The cold bath was removed and the solution was stirred for 3 hours 
changing colors from blue to a slightly greenish yellow.  Solvent was removed and the 1H 
NMR showed full conversion to 14. IR (CH2Cl2, cm-1): νCO 1869. 1H NMR (CD2Cl2, ppm): 
8.32 (ring proton, ddd, J = 11.4 Hz, 2.5 Hz, 1.1 Hz), 5.92, 5.87, 5.81 (Tp′CH), 5.39 (ring 
proton, ddt, J = 11.5 Hz, 2.9 Hz, 1.1 Hz), 3.95 (ring proton, dt, J = 4.1 Hz, 1.2 Hz), 3.03 
(ring proton, ddt, J = 19.1 Hz, 4.6 Hz, 2.4 Hz), 3.00 (N(CH3), s), 2.51, 2.49, 2.41, 2.36, 2.07, 
1.87 (Tp′CCH3), 2.39 (ring proton, dd, J = 18.9 Hz, 3.0 Hz). 13C NMR (THF-D8, ppm): 
177.3 (CO), 153.4, 153.1, 151.3, 145.3, 145.1, 144.6 (Tp′CCH3), 122.7, 122.2, 120.1 (ring 
carbons), 107.6, 107.3, 106.9 (Tp′CH), 57.1, 45.3, 43.5 (ring carbons, N(CH3)), 15.6, 15.5, 
14.5, 12.6, 12.5, 12.1 (Tp′CCH3). 	 	
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5.5 Supplemental Information: 
Figure 5.5.  1H NMR spectrum of the mixture of 2, 4, and 5. 
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Figure 5.6. 1H NMR spectrum of 6. 
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Figure 5.7. 1H NMR spectrum of 9. 
 
	 179	
Figure 5.8.  13C NMR spectrum of 9. 
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Figure 5.9.  1H NMR spectrum of 10. 
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Figure 5.10. 1H NMR spectrum of 12. 
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Figure 5.11.  COSY NMR spectrum of 12. 
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Figure 5.12. 1H NMR spectrum of 13. 
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Figure 5.13. 1H NMR spectrum of 14. 
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Figure 5.14. 13C NMR spectrum of 14. 
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Figure 5.15. ORTEP diagram of 6. 
 
Table 5.1. Crystal data and structure refinement for 6.  
Identification code  jrb-2-33  
Empirical formula  C25H31B2N7OW  
Formula weight  651.04  
Temperature/K  100  
Crystal system  triclinic  
Space group  P-1  
a/Å  9.3051(2)  
b/Å  11.2400(2)  
c/Å  12.7253(2)  
α/°  89.4150(10)  
β/°  81.5030(10)  
γ/°  82.2150(10)  
Volume/Å3  1304.12(4)  
Z  2  
ρcalcmg/mm3  1.658  
m/mm-1  8.460  
F(000)  644.0  
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Crystal size/mm3  0.2 × 0.15 × 0.15  
2Θ range for data collection  7.02 to 137.32°  
Index ranges  -11 ≤ h ≤ 11, -13 ≤ k ≤ 13, -14 ≤ l ≤ 15  
Reflections collected  24561  
Independent reflections  4682[R(int) = 0.0228]  
Data/restraints/parameters  4682/0/332  
Goodness-of-fit on F2  1.124  
Final R indexes [I>=2σ (I)]  R1 = 0.0224, wR2 = 0.0577  
Final R indexes [all data]  R1 = 0.0230, wR2 = 0.0580  
Largest diff. peak/hole / e Å-3  1.32/-0.50  
 
Table 5.2. Bond Lengths for 6. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 N1 2.108(2)   C1 B1 1.580(5) 
W1 N2 2.223(2)   C2 C3 1.304(5) 
W1 N4 2.162(2)   C3 C4 1.460(4) 
W1 N6 2.211(2)   C4 C5 1.405(5) 
W1 C2 2.048(3)   C4 C9 1.406(4) 
W1 C3 2.046(3)   C5 C6 1.373(5) 
W1 C10 1.981(3)   C6 C7 1.398(5) 
O1 C10 1.145(4)   C7 C8 1.369(5) 
N1 C1 1.142(4)   C8 C9 1.403(5) 
N2 N3 1.368(3)   C11 C12 1.496(4) 
N2 C12 1.346(4)   C12 C13 1.393(4) 
N3 C14 1.350(4)   C13 C14 1.370(4) 
N3 B2 1.533(4)   C14 C15 1.495(4) 
N4 N5 1.374(3)   C16 C17 1.491(4) 
N4 C17 1.347(4)   C17 C18 1.389(4) 
N5 C19 1.352(4)   C18 C19 1.373(4) 
N5 B2 1.547(4)   C19 C20 1.496(4) 
N6 N7 1.375(4)   C21 C22 1.484(5) 
N6 C22 1.356(4)   C22 C23 1.386(5) 
N7 C24 1.346(4)   C23 C24 1.371(5) 
N7 B2 1.547(4)   C24 C25 1.490(5) 
       
Table 5.3. Bond Angles for 6. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 W1 N2 81.77(9)   C24 N7 B2 130.1(3) 
N1 W1 N4 161.17(10)   N1 C1 B1 177.3(3) 
N1 W1 N6 84.01(9)   C3 C2 W1 71.35(18) 
N4 W1 N2 88.43(9)   C2 C3 W1 71.50(19) 
N4 W1 N6 78.55(9)   C2 C3 C4 142.0(3) 
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N6 W1 N2 80.77(9)   C4 C3 W1 146.0(2) 
C2 W1 N1 99.68(11)   C5 C4 C3 121.3(3) 
C2 W1 N2 119.85(11)   C5 C4 C9 119.3(3) 
C2 W1 N4 99.14(11)   C9 C4 C3 119.4(3) 
C2 W1 N6 159.33(12)   C6 C5 C4 120.4(3) 
C3 W1 N1 104.18(11)   C5 C6 C7 120.1(3) 
C3 W1 N2 83.69(11)   C8 C7 C6 120.3(3) 
C3 W1 N4 90.58(10)   C7 C8 C9 120.5(3) 
C3 W1 N6 161.21(11)   C8 C9 C4 119.3(3) 
C3 W1 C2 37.15(13)   O1 C10 W1 176.4(3) 
C10 W1 N1 91.36(11)   N2 C12 C11 123.9(3) 
C10 W1 N2 168.04(11)   N2 C12 C13 108.9(3) 
C10 W1 N4 95.30(11)   C13 C12 C11 127.2(3) 
C10 W1 N6 88.82(11)   C14 C13 C12 106.6(3) 
C10 W1 C2 70.84(13)   N3 C14 C13 107.8(3) 
C10 W1 C3 107.58(13)   N3 C14 C15 122.4(3) 
C1 N1 W1 173.0(3)   C13 C14 C15 129.8(3) 
N3 N2 W1 120.62(17)   N4 C17 C16 123.5(3) 
C12 N2 W1 132.4(2)   N4 C17 C18 108.9(3) 
C12 N2 N3 107.0(2)   C18 C17 C16 127.5(3) 
N2 N3 B2 119.1(2)   C19 C18 C17 107.0(3) 
C14 N3 N2 109.7(2)   N5 C19 C18 107.5(3) 
C14 N3 B2 130.9(3)   N5 C19 C20 122.7(3) 
N5 N4 W1 119.67(17)   C18 C19 C20 129.8(3) 
C17 N4 W1 132.9(2)   N6 C22 C21 123.7(3) 
C17 N4 N5 106.9(2)   N6 C22 C23 108.9(3) 
N4 N5 B2 119.4(2)   C23 C22 C21 127.4(3) 
C19 N5 N4 109.7(2)   C24 C23 C22 106.8(3) 
C19 N5 B2 129.5(3)   N7 C24 C23 108.1(3) 
N7 N6 W1 119.41(18)   N7 C24 C25 123.2(3) 
C22 N6 W1 133.9(2)   C23 C24 C25 128.7(3) 
C22 N6 N7 106.7(2)   N3 B2 N5 109.9(2) 
N6 N7 B2 120.4(2)   N3 B2 N7 108.4(2) 
C24 N7 N6 109.5(2)   N7 B2 N5 107.6(2) 
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Figure 5.16. ORTEP diagram of 7. 
 
Table 5.4. Crystal data and structure refinement for 7.  
Identification code  x1307005  
Empirical formula  C32H38B2F4N8OW  
Formula weight  832.17  
Temperature/K  100  
Crystal system  triclinic  
Space group  P-1  
a/Å  12.3148(2)  
b/Å  13.4883(3)  
c/Å  13.9821(3)  
α/°  71.8434(12)  
β/°  83.4528(11)  
γ/°  65.0358(10)  
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Volume/Å3  2000.27(7)  
Z  2  
ρcalcmg/mm3  1.382  
m/mm-1  5.796  
F(000)  828.0  
Crystal size/mm3  0.221 × 0.151 × 0.065  
2Θ range for data collection  7.56 to 134.04°  
Index ranges  -14 ≤ h ≤ 14, -16 ≤ k ≤ 16, -15 ≤ l ≤ 16  
Reflections collected  20369  
Independent reflections  6810[R(int) = 0.0368]  
Data/restraints/parameters  6810/0/440  
Goodness-of-fit on F2  1.100  
Final R indexes [I>=2σ (I)]  R1 = 0.0466, wR2 = 0.1139  
Final R indexes [all data]  R1 = 0.0501, wR2 = 0.1159  
Largest diff. peak/hole / e Å-3  2.21/-1.88  
 
Table 5.5. Bond Lengths for 7. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 N1 2.130(4)   C5 C6 1.389(9) 
W1 N3 2.168(5)   C6 C7 1.369(10) 
W1 N5 2.231(4)   C7 C8 1.391(9) 
W1 N7 2.220(4)   C8 C9 1.399(9) 
W1 C1 1.963(6)   C10 C11 1.503(8) 
W1 C2 2.049(5)   C12 C13 1.372(9) 
W1 C3 2.044(5)   C12 C17 1.394(9) 
O1 C1 1.153(8)   C13 C14 1.380(9) 
N1 C10 1.307(8)   C14 C15 1.375(10) 
N2 C10 1.334(8)   C15 C16 1.379(10) 
N2 C12 1.429(8)   C16 C17 1.393(10) 
N3 N4 1.380(8)   C18 C19 1.367(12) 
N3 C18 1.350(7)   C18 C21 1.487(12) 
N4 C20 1.361(8)   C19 C20 1.379(11) 
N4 B1 1.548(8)   C20 C22 1.473(12) 
N5 N6 1.363(7)   C23 C24 1.376(9) 
N5 C23 1.345(7)   C23 C26 1.519(9) 
N6 C25 1.347(7)   C24 C25 1.371(9) 
N6 B1 1.553(8)   C25 C27 1.486(9) 
N7 N8 1.372(6)   C28 C29 1.376(8) 
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N7 C28 1.356(7)   C28 C31 1.504(8) 
N8 C30 1.345(8)   C29 C30 1.372(9) 
N8 B1 1.534(8)   C30 C32 1.499(9) 
C2 C3 1.289(9)   F1 B2 1.303(11) 
C3 C4 1.454(8)   F2 B2 1.391(10) 
C4 C5 1.396(8)   F3 B2 1.347(9) 
C4 C9 1.401(9)   F4 B2 1.445(11) 
 
Table 5.6. Bond Angles for 7. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
N1 W1 N3 162.91(18)   C9 C4 C3 120.8(5) 
N1 W1 N5 86.22(17)   C6 C5 C4 120.0(6) 
N1 W1 N7 80.84(17)   C7 C6 C5 121.1(6) 
N3 W1 N5 78.90(17)   C6 C7 C8 119.7(6) 
N3 W1 N7 88.34(18)   C7 C8 C9 120.4(6) 
N7 W1 N5 80.34(16)   C8 C9 C4 119.5(5) 
C1 W1 N1 94.4(2)   N1 C10 N2 122.2(5) 
C1 W1 N3 93.7(2)   N1 C10 C11 122.0(6) 
C1 W1 N5 89.0(2)   N2 C10 C11 115.8(6) 
C1 W1 N7 168.5(2)   C13 C12 N2 120.5(5) 
C1 W1 C2 70.9(2)   C13 C12 C17 120.0(6) 
C1 W1 C3 106.9(2)   C17 C12 N2 119.4(5) 
C2 W1 N1 100.8(2)   C12 C13 C14 120.6(6) 
C2 W1 N3 96.0(2)   C15 C14 C13 119.9(6) 
C2 W1 N5 159.0(2)   C14 C15 C16 120.4(6) 
C2 W1 N7 120.1(2)   C15 C16 C17 119.9(6) 
C3 W1 N1 105.3(2)   C16 C17 C12 119.3(6) 
C3 W1 N3 86.6(2)   N3 C18 C19 109.4(7) 
C3 W1 N5 159.2(2)   N3 C18 C21 122.8(7) 
C3 W1 N7 84.49(19)   C19 C18 C21 127.9(6) 
C3 W1 C2 36.7(2)   C18 C19 C20 107.9(6) 
C10 N1 W1 135.2(4)   N4 C20 C19 106.7(7) 
C10 N2 C12 124.7(5)   N4 C20 C22 123.5(7) 
N4 N3 W1 119.0(3)   C19 C20 C22 129.8(6) 
C18 N3 W1 133.0(5)   N5 C23 C24 110.0(5) 
C18 N3 N4 106.6(6)   N5 C23 C26 122.2(5) 
N3 N4 B1 120.1(5)   C24 C23 C26 127.8(5) 
C20 N4 N3 109.5(5)   C25 C24 C23 106.7(5) 
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C20 N4 B1 129.4(6)   N6 C25 C24 106.9(5) 
N6 N5 W1 119.5(3)   N6 C25 C27 123.6(5) 
C23 N5 W1 134.5(4)   C24 C25 C27 129.5(5) 
C23 N5 N6 105.8(4)   N7 C28 C29 109.2(5) 
N5 N6 B1 120.4(4)   N7 C28 C31 123.7(5) 
C25 N6 N5 110.7(5)   C29 C28 C31 127.1(5) 
C25 N6 B1 128.9(5)   C30 C29 C28 107.2(5) 
N8 N7 W1 120.6(3)   N8 C30 C29 107.3(5) 
C28 N7 W1 133.4(4)   N8 C30 C32 122.8(6) 
C28 N7 N8 106.0(4)   C29 C30 C32 129.9(6) 
N7 N8 B1 119.6(5)   N4 B1 N6 106.7(5) 
C30 N8 N7 110.2(5)   N8 B1 N4 110.2(5) 
C30 N8 B1 130.1(5)   N8 B1 N6 108.0(5) 
O1 C1 W1 177.3(5)   F1 B2 F2 117.3(8) 
C3 C2 W1 71.4(3)   F1 B2 F3 116.4(7) 
C2 C3 W1 71.9(3)   F1 B2 F4 107.3(7) 
C2 C3 C4 141.0(5)   F2 B2 F4 101.1(7) 
C4 C3 W1 146.6(4)   F3 B2 F2 109.6(7) 
C5 C4 C3 119.7(6)   F3 B2 F4 103.0(7) 
C5 C4 C9 119.4(6)           
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Figure 5.17. ORTEP Diagram of 9. 
 
Table 5.7. Crystal data and structure refinement for 9.  
Identification code  x1405012  
Empirical formula  C27H35BF3N7O6SW  
Formula weight  837.34  
Temperature/K  100  
Crystal system  monoclinic  
Space group  P21/n  
a/Å  15.6245(8)  
b/Å  10.4711(6)  
c/Å  20.5715(10)  
α/°  90  
β/°  93.249(2)  
γ/°  90  
Volume/Å3  3360.2(3)  
Z  4  
ρcalcg/cm3  1.655  
µ/mm-1  7.534  
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F(000)  1664.0  
Crystal size/mm3  0.35 × 0.15 × 0.05  
Radiation  CuKα (λ = 1.54178)  
2Θ range for data collection/°  6.918 to 140.368  
Index ranges  -19 ≤ h ≤ 19, -11 ≤ k ≤ 12, -25 ≤ l ≤ 24  
Reflections collected  32038  
Independent reflections  6306 [Rint = 0.0353, Rsigma = 0.0259]  
Data/restraints/parameters  6306/18/461  
Goodness-of-fit on F2  1.073  
Final R indexes [I>=2σ (I)]  R1 = 0.0319, wR2 = 0.0747  
Final R indexes [all data]  R1 = 0.0361, wR2 = 0.0767  
Largest diff. peak/hole / e Å-3  1.83/-0.74  
 
Table 5.8. Bond Lengths for 9. 
Atom Atom Length/Å   Atom Atom Length/Å 
W1 O2 2.075(3)   C7 C8 1.375(8) 
W1 N2 2.156(3)   C8 C9 1.374(7) 
W1 N4 2.214(3)   C9 C10 1.389(6) 
W1 N6 2.226(3)   C11 C12 1.487(6) 
W1 C1 1.962(4)   C12 C13 1.384(6) 
W1 C2 2.060(4)   C13 C14 1.370(6) 
W1 C3 2.023(4)   C14 C15 1.492(6) 
O1 C1 1.153(5)   C16 C17 1.496(5) 
O2 C4 1.271(5)   C17 C18 1.389(6) 
N1 C4 1.306(6)   C18 C19 1.375(6) 
N2 N3 1.377(4)   C19 C20 1.494(6) 
N2 C12 1.357(5)   C21 C22 1.497(6) 
N3 C14 1.356(5)   C22 C23 1.385(6) 
N3 B1 1.546(5)   C23 C24 1.374(6) 
N4 N5 1.372(4)   C24 C25 1.499(6) 
N4 C17 1.353(5)   S1 O3 1.416(4) 
N5 C19 1.349(5)   S1 O4 1.449(4) 
N5 B1 1.554(5)   S1 O5 1.432(3) 
N6 N7 1.368(5)   S1 C26 1.810(6) 
N6 C22 1.346(5)   C26 F1 1.338(17) 
N7 C24 1.355(5)   C26 F2 1.367(10) 
N7 B1 1.533(5)   C26 F3 1.294(17) 
C2 C3 1.280(6)   C26 F4 1.34(4) 
C4 C5 1.497(6)   C26 F5 1.28(3) 
C5 C6 1.390(6)   C26 F6 1.50(3) 
C5 C10 1.379(6)   O6 C27 1.390(7) 
C6 C7 1.396(7)         
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Table 5.9. Bond Angles for 9. 
Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 
O2 W1 N2 159.31(11)   C10 C5 C6 119.7(4) 
O2 W1 N4 83.00(11)   C5 C6 C7 119.0(5) 
O2 W1 N6 79.95(11)   C8 C7 C6 120.9(5) 
N2 W1 N4 77.70(11)   C9 C8 C7 119.9(4) 
N2 W1 N6 89.39(12)   C8 C9 C10 119.8(4) 
N4 W1 N6 80.15(11)   C5 C10 C9 120.7(4) 
C1 W1 O2 94.72(14)   N2 C12 C11 123.2(4) 
C1 W1 N2 92.98(14)   N2 C12 C13 109.0(4) 
C1 W1 N4 90.92(14)   C13 C12 C11 127.8(4) 
C1 W1 N6 170.06(14)   C14 C13 C12 107.1(3) 
C1 W1 C2 70.66(17)   N3 C14 C13 107.9(4) 
C1 W1 C3 107.16(17)   N3 C14 C15 122.9(4) 
C2 W1 O2 105.57(13)   C13 C14 C15 129.2(4) 
C2 W1 N2 95.10(14)   N4 C17 C16 123.0(4) 
C2 W1 N4 160.02(15)   N4 C17 C18 109.1(4) 
C2 W1 N6 118.76(15)   C18 C17 C16 127.9(4) 
C3 W1 O2 104.37(14)   C19 C18 C17 106.6(3) 
C3 W1 N2 91.59(14)   N5 C19 C18 107.8(4) 
C3 W1 N4 159.56(15)   N5 C19 C20 123.0(4) 
C3 W1 N6 82.40(15)   C18 C19 C20 129.1(4) 
C3 W1 C2 36.53(18)   N6 C22 C21 123.7(4) 
C4 O2 W1 139.2(3)   N6 C22 C23 109.1(4) 
N3 N2 W1 120.0(2)   C23 C22 C21 127.1(4) 
C12 N2 W1 133.1(3)   C24 C23 C22 107.1(4) 
C12 N2 N3 106.7(3)   N7 C24 C23 107.0(4) 
N2 N3 B1 120.1(3)   N7 C24 C25 122.6(4) 
C14 N3 N2 109.3(3)   C23 C24 C25 130.4(4) 
C14 N3 B1 129.4(3)   N3 B1 N5 107.4(3) 
N5 N4 W1 119.6(2)   N7 B1 N3 109.9(3) 
C17 N4 W1 133.6(3)   N7 B1 N5 108.0(3) 
C17 N4 N5 106.7(3)   O3 S1 O4 115.9(3) 
N4 N5 B1 120.3(3)   O3 S1 O5 114.7(2) 
C19 N5 N4 109.8(3)   O3 S1 C26 103.9(3) 
C19 N5 B1 130.0(3)   O4 S1 C26 101.8(3) 
N7 N6 W1 120.4(2)   O5 S1 O4 115.0(2) 
C22 N6 W1 132.5(3)   O5 S1 C26 102.9(2) 
C22 N6 N7 106.8(3)   F1 C26 S1 110.1(9) 
N6 N7 B1 118.7(3)   F1 C26 F2 106.3(10) 
C24 N7 N6 110.0(3)   F2 C26 S1 105.8(7) 
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C24 N7 B1 130.7(4)   F3 C26 S1 113.7(9) 
O1 C1 W1 178.4(4)   F3 C26 F1 112.1(13) 
C3 C2 W1 70.2(2)   F3 C26 F2 108.3(8) 
C2 C3 W1 73.3(3)   F4 C26 S1 116(2) 
O2 C4 N1 123.1(4)   F4 C26 F6 97(3) 
O2 C4 C5 116.2(4)   F5 C26 S1 128(3) 
N1 C4 C5 120.7(4)   F5 C26 F4 106(3) 
C6 C5 C4 121.9(4)   F5 C26 F6 101.6(19) 
C10 C5 C4 118.3(4)   F6 C26 S1 102(2) 
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